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This is a continuation-in-part of PCT/IL02/00606, filed July 21, 2002, which 
oloims tiie benefit of pri(»ity from U.S. Provisional Patent Application No. 
60/306,462, filed July 20, 2001, the contents of which are hereby incorporated by 
IS reference. 

FIELD AND BACKGROUND OF THE INVENTION 

The present invention relates to methods of generating cardiac cells and tissue 

20 by in-vitro culture of differentiable cells, to methods of using such cardiac cells and 
tissues to repair dysfimctional human cardiac tissues and to test the effect of treatments 
on human cardiac cells and tissues, and to characterize biological states or processes of 
cardiac cells and tissues. More particularly, the present invention relates to methods of 
generating highly differentiated, highly functional, proliferating cardiac cells and 

25 tissues by in-vitro culture of hxunan embryonic stem cells, and to methods of using 
such cardiac cells and tissue to repair human cardiac tissue, to test the therapeutic 
effect and toxicity of pbannacological and electrical treatments on human cardiac cells 
and tissues, and to model the development and physiology of cardiac cells and tissues 
in-vitro, 

30 Heart disease is the predominant cause of disability and death in all 

industrialized nations, and^ in addition, the incidence of heart failure is increasing in 
the United States, with more than half a million Americans dying of this disease yearly 
(Braunwald E., 1997. N 6ng J Med. 337:1360; Eriksson H., 1995. J inter Med. 

» 

237:135). In addition, in the United States, cardiac disease accounts for about 335 
35 deaths per 100,000 individuals (approximately 40 % of the total mortality) 
overshadowing cancer, which follows with 183 deaths per 100,000 individuals. 

Four categories of heart disease account for about 85-90 % of all cardiac- 
related deaths, These categories are ischemic heart disease, hypertensive heart disease 



4 
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and pulmonary hypertjensive heart disease, valvular disease, and congenital heart 
disease* Ischemic heart disease alone, notably myocardial infarction, accounts for 
about 60-75 % of all deaths caused by heart disease. Despite considerable advances in 
the diagnosis and treatment of heart disease, cardiac dysfunction following myocardial 

S in&rction remains a major cardiovascular disorder that is increasing in incidence, 
prevalence, and overall mortality, Myocardial in&rction is a life-lhreatening event 
responsible for cardiac sudden death or heart fidlure involving blockage of cardiac 
blood vessels, and concomitant death and damage of cardiac tissues induced by 
oxygen deprivation. Following acute myocardial infarction, dead and damaged 

10 cardiac muscle cells (cardiomyocytes) are gradually replaced by fibroid nonfunctional 
tissue, and in many cases ventricular remodeling results in wall thinniug and loss of 
regional contractile function. One of the factors that renders ischemic heart disease, 
such as myocardial in&rction, ^o devastating is the extremely low capacity of healthy 
adult cardiomyocytes to divide] and thiis repopulate areas of ischemic heart damage. 

* 

15 Thus, cardiac cell loss as a result of injury or diseases such as myocardial infarction is 
essentially irreversible. When occurring at critical sites in the conduction system of 
the heart, such cell loss or injury may lead to ine£Eicient rhythm initiation or impulse 
conduction, Consequentially, t(iese processes may result in abnonnally low heart rate 
(bradyarrhythmias) requiring the implantation of a permanent pacemaker. 

20 Human to human hearti transplants have become the most effective form of 

therapy for severe heart damage. Heart transplantation, however, suffers from 
numerous drawbacks. For exaimple, this fonn of therapy is severely limited by the 
scarcity of suitable donor organs, and, in addition, the expense of heart transplantation 
prohibits its widespread appliqation. Another unsolved problem is graft rejection. 

25 Foreign hearts are poorly tolerated by the recipient and are rapidly destroyed by the 
immune system in the absence of immunosuppressive drugs, such as cyclosporin, the 
immunosuppressant of choice, i However, drugs such as cyclosporin severely impair 
immune responses such as those against bacterial and viral infections, thereby placing 
the transplant recipient at risk of infection. Yet further complications caused by 

30 cyclosporin include hypertension, renal dysfunction, rapidly progressive coronary 
atherosclerosis, and immunosuppressant**related cancers. Thus, alternatives to heart 
transplantation for treating cardiac disorders are urgently required. 
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One approach for oyeicojmng deficits of cardiac transplantation^ of treating 
cardiac disease has suggested transplantation of adult cardiomyocytes into afFected 
cardiac tissues since, for exan:q)lei flmctional engraftment of such cells or tissues 
within dead or dysfimctlonal cardiac tissues could restore impaired cardiac function. 
5 However, such approaches are hampered by the inability of adult cardiomyocytes to 
proliferate, and hence to efiSciently colonize and regenerate, dead or damaged cardiac 
tissue, or to remodel deformed cardiac tissue. 

§ 

The extremely low capacity of adult cardiomyocytes to proliferate further 
represents an obstacle to approaches attempting to utilize in-vitro culture thereof to 

10 generate cells and tissues suitable for testing the therapeutic effect and toxicity of 
treatments, such as pharmacological and electrical treatments, on cardiomyocytic cells 
and tissues, and to model the development and physiology of such cells and tissues. 

Several prior art approaches have attempted to use in^vitro culture of 
difSerentiable cells (cells having a capacity to difiEerentiate) to generate cardiac cells or 

IS tissue suitable for treating human cardiac disorders, and for testing the efKwts of 
treatments, such as pharmacological and electrical treatments, on human cardiac 
tissues. 

One approach has utilized delivezy of mouse embryonic/fetal cardiomyocytes 
into syngeneic host myocardium in an attempt to demonstrate the engraftment capacity 
20 of such developing cells (Soonpaa, M,H. et aL, 1994. Science 264:98). 

Yet another approach has utilized transplantation of rat fetal myocardial tissue 
into infarcted rat myocardium in an attempt to repair such in&rcted tissues (Leor, J. et 
al, 1996, Circulation 94(fiuppL n3:n-332-II-336), 

Still another approach has used culturing of mouse embryonic stem cells in 
25 attempts to generate cardiomyocytic cells and tissue (Igelmund et alj 1999. Flugers 
Arch. 437:669; Maltsev V.A. et al, 1994. Circ. Res. 75:233; Metzger JM. et al, 1995. 
Giro Res. 76:710; Sanchez A. et al, 1991. J Biol Chem. 266:22419). 

A further approach has employed genetic transformation of murine embryonic 
stem cells with a fusion gene consisting of the alpha-cardiac myosin heavy chain 
30 promoter and a cDNA encoding aminoglycoside phosphotransferase to generatd 
cardiomyocytic cells (Klug, M-Q. etal^ 1996. J. CUn. Invest 98:216). 
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Still a further approach has utilized suspension culture of cystic human 
embryoid bodies in an attempt to generate cardiomyocytic cells and tissues (Itskovitz* 
Elder et al, 2000. Mol Med. 6:88-95). 

However, all of the aforementioned approaches are unsatisfactory for 

S providing cells and tissues suitable for human application; approaches utilizing genetic 
transfoimation entail safety risks, pose ethical concerns, and are labor intensive, 
administratively difiScult to inclement, and unproven in human systems; and 
approaches utilizing suspension culture of cystic human embryoid bodies are 
inefficient, have not demonstrated a satisfactory range of cardiac specific structure and 

10 function, have not provided isolated human cardiac cells and tissues, have not 
demonstrated long term cardiac fimctiotiality in-vitro^ and have not demonstrably 
provided cells and tissues capable of conferring cardiac function when engrafted in- 
vivo. 

Thus, all prior ait approaches have Med to provide an adequate solution for 
IS using in-vitro culture of differentiable cells to generate cardiac cells and tissues 
suitable for treating human cardiac disorders, for testing tibe therapeutic and toxic 
effects of treatments, such as pharmacological and electrical treatments, on human 
cardiac cells and tissues, and for modeling processes such as development and 
physiology of human cardiac cells and tissues. 
20 There is thus a widely recognized need for, and it would be highly 

advantageous to have, a method of using in-vitro culture of di£krentiable cells to 
generate cardiac cells and tissues devoid of the above limitation. 

SUMMARY OF THE INVENTTON 

25 According to one aspect of the present invention there is provided a method of 

generating cells predominantly displaying at least one characteristic associated with a 
cardiac phenotype, the method comprising: (a) partially dispersing a confluent cultured 
population of human stem cells, thereby generating a ceU population including cell 
aggregates; (b) subjecting the cell aggregates to culturix>g conditions suitable for 

« 

30 generating embryoid bodies; and (o) subjecting the embryoid bodies to culturing 
conditions suitable for inducing cardiac lineage difiEtBrentiation in at least a portion of 
the cells of the embryoid bodies thereby generating cells predominantly displaying at 
least one characteristic associated with the cardiac phenotype. 
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According to furtlier features in preferred embodiments of the invention 
described below, the method of generating cells predominantly displaying at least one 
characteristic associated with a cardiac phenotype fiuther comprises isolating the cell 
aggregates from the cell population prior to step (b). 
5 According to still further features in the described prefetted embodiments, the 

method of generating cells predominantly displaying at least one characteristic 
associated with a cardiac phenotype further compnses isolating the embryoid bodies 
prior to step (c). 

According to still further features in the described preferred embodiments, the 

10 method of generating cell^ predominantly displaying at lea^t one characteristic 
associated with a cardiac phenotype further comprises screening and optionally 
isolating cells predominantly displaying at least one characteristic associated with a 
cardiac phenotype, the screening effected by at least one method selected from the 
group consisting of detection of meohanical contraction, detection of a cardiac specific 

IS structure, detection of a cardiac specific protein, detection of a cardiac specific RNA, 
detection of cardiac specific electrical activity, and detection of cardiac specific 
changes in the intracellular concentration of a physiological ion. 

According to still further features in the described prefeired embodiments, the 
method of generating cells predominantly displaying at least one characteristic 

20 associated with a cardiac phenotype further comprises screening and optionally 
isolating cells substantially displaying proliferation. 

According to another aspect of the present invention there is provided a 
method of generating tissue predominantly displaying at least one characteristic 
associated with a cardiac phenotype, the method comprising: (a) partially dispersing a 

25 confluent cultured population of human stem cells, thereby generating a cell 
population including cell aggregates; (b) subjecting the cell aggregates to culturing 
conditions suitable for generating embryoid bodies; and (c) subjecting the embryoid 
bodies to culturing conditions suitable for inducing cardiac lineage differentiation in at 
least a portion of the cells of the embryoid bodies thereby generating tissue 

30 predominantly displaying at least one characteristic associated with the cardiac 
phenotype. 

According to fUrtber features in prefened embodiments of the invention 
described below, the method of generating tissue predominantly displaying at least one 
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characteristic associated with a cardiac phenotype fUr&er comprises isolating the cell 
aggregates from the cell population prior to step (b). 

According to still Auther features in the described preferred embodiments, the 
method of generating tissue predominantly displaying at least one characteristic 
S associated with a cardiac phenotype fiuther comprises isolating the embiyoid bodies 
prior to step (c). 

According to still ftirOier features in the described preferred embodiments, the 
method of generating tissue predominantly displaying at least one characteristic 
associated with a cardiac phenotype further comprises screening and optionally 

10 isolating tissue predominantly displaying at least one characteristic associated with a 
cardiac phenotype, the screening effected by at least one method selected &om the 
group consisting of detection of mechanical cpntractiori, detection of a cardiac specific 
structure, detection of a cardiac specific protein, detection of a cardiac specific RNA, 
detection of cardiac specific electrical activity^ and detection of cardiac specific 

1 S changes in the intracellular concentration of a physiological ion. 

According to still further features in the described preferred embodiments, the 
method of generating tissue predoroinantly displaying at least one characteristic 
associated with a cardiac phenotype further comprises screening and optionally 
isolating tissue substantially displaying proliferation. 

20 According to still another aspect of the present invention there is provided a 

method of characterizing a biological state or a biological process of cardiac cells or 
cardiac tissue, the method con^nising: (a) partially dispersing a confluent cultured 
population of human stem cells, thereby generating a cell population including cell 
aggregates; (b) subjecting the cell aggregates to culturing conditions suitable for 

25 generating embryoid bodies; (c) subjecting the embryoid bodies to culturing 
conditions suitable for inducing cardiac lineage differentiation in at least a portion of 
the cells of the embryoid bodies thereby generatiiig the cells predominantly displaying 
at least one characteristic associated with a cardiac phenotype, or the tissue 
predommantly displaying at least one characteristic associated with a cardiac 

30 phenotype; and (d) obtaining data characteriziag the biological state or the biological 
process in the ceU$ predominantly displaying at least one characteristic associated with 
a cardiac phenotype^ or the tissue predominantly displaying at least one characteristic 
associated with a cardiac phenotype. 
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According to further features in prefeired embodiments of the invention 
described below, the method of characterizing a biological state or a biological process 
further comprises isolating the cell aggregates ftom the cell population prior to step 

S According to still flirther features in the described preferred embodiments^ the 

method of characterizing a biological state, or a biological process further comprises 
isolating the embryoid bodies prior to step (c). 

According to still flirther fbatures in the described preferred embodiments, the 
method of characterizing a biological state or a biological process fUrther comprises 

10 screening and optionally isolating cells predominantly displaying at least one 
characteristic associated mlh a cardiac phenotype^ or tissue predominantly displaying 
at least one characteristic associated with a cardiac phenotype, the screening effected 
by at least one method selected &om the groiq) consisting of detectian of mechanical 
contraction, detection of a cardiac specific structure, detection of a cardiac specific 

IS protein, detection of a cardiac specific RNA, detection of cardiac specific electrical 
activity, and detection of cardiac specific changes in the intracellular concentration of 

* 

a physiological ion. 

According to still further features in the described prcfeired embodiments, the 
method of characterizing a biological state or a biological process further comprises 
20 screening and optionally isolating cells substantially displaying proliferation or tissue 
substantially displaying proliferation, 

V 

According to still farther features in the described prefeired embodiments, the 
method of characterizing a biological state or a biological process further comprises 
inducing the biological state or the biological process in the cells predominantly 
2S displaying at least one characteristic associated with a cardiac pheno^e, or the tissue 
predominantly displaying at least one characteristic associated with a cardiac 
phenotype. 

According to still fljrther features m the described prefenred embodiments, the 
method of characterizing a biological state or a biological process flulher comprises 
30 co-culturing the cells predominantly displaying at least one characteristic associated 
with a cardiac phenotype, or the tissue predominantly displaying at least one 
characteristic associated with a cardiac phenotype with primary cardiac cells or 
primary cardiac tissue prior to stepXd). 
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According to still farther features in the described preferred embodiments, the 
method of characterizing a biological state or a biological process further comprises 
transplanting the cells predominantly displaying at least one characteristic associated 
with a cardiac phenotype, or the tissue predominantly displaying at least one 
5 characteristic associated with a cardiac phenotype into cardiac tissue of a recipient 
prior to step (d)« 

Aocotding to still further features in the described preferred embodiments, the 
biological state or the biological process is selected fcom the group consisting of 
cardiac specific mechanical contraction, a cardiac specific structure, expression of a 

10 cardiac specific RNA, expression of a cardiac specific protein, cardiac specific 
changes in the intracellular concentration of a physiological ion, cardiac specific 
electrical activity, and cardiomyogenesis. 

According to still further features in the described preferred embodiments, the 
biological state or the biological process is cardiac specific electrical activity and 

15 obtaining data characterizing the biological state or the biological process is effected 
using a multielectrode array. 

According to yet another aspect of the present invention there is provided a 
method of qualifying the effect of a treatment on a biological state or a biological 
process of cardiac cells or tissue, the method comprising: (a) partially dispersing a 

20 confluent cultured population of human stem cells, thereby generating a cell 
population including cell aggregates; (b) subjecting the cell aggregates to culturing 
conditions suitable for generating embryoid bodies; (c) subjecting the embryoid bodies 
to culturing conditions suitable for inducing cardiac lineage differentiation in at least a 
portion of the cells of the embryoid bodies thereby generating cells predominantly 

25 displaying at least one characteristic associated with a cardiac phenotype, or the tissue 
predominantly displaying at least one characteristic associated with a cardiac 
phenotype; (d) subjecting the cells predominantly displaying at least one characteristic 
associated with a cardiac phenotype, or the tissue predominantly displaying at least 
one characteristic associated with a cardiac phenotype to the treatment; and (e) 

30 monitoring the biological state or the biological process in the cells predominantly 
displaying at least one characteristic associated with a cardiac phenotype, or the tissue 
predominantly displaying at least one characteristic associated with a cardiac 



r 
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phenotype, tihereby qualifying the effect of the treatment on the biological state or the 
biological process. 

According to still fUtther features in the described preferred embodiments, the 
treatment is effected by subjecting the cells predominantly displaying at least one 
5 characteristic associated with a cardiac phenotype, or the tissue predominantly 
displaying at least one characteristic associated with a cardiac phenotype to an 
e^qposure to a compound or to an electrical treatment 

According to still ftirther features in the described preferred embodiments, the 
method of qualifying the effect of a treatment on a biological state or a biological 
10 process ftuther comprises isolating the cell aggregates from the cell population prior to 
step(b). 

According to still further features in the described preferred embodiments, the 
method of qualifying the effect of a treatment on a biological state or a biological 
process ftirtfaer comprises isolating the embtyoid bodies prior to step (c), 

15 According to still fUrther features in the described preferred embodiments, the 

method of qualifying the efifect of a treatment on a biological state or a biological 
process further comprises screening and optionally isolating cells predominantly 
displaying at least one characteristic associated with a cardiac phenotype, or tissue 
predominantly displaying at least one characteristic associated with a cardiac 

20 phenotype, the screening effected by at least one method selected from the group 
consisting of detection of mechanical contraction, detection of a cardiac specific 
stmcture, detection of a cardiac specific protein, detection of a cardiac specific RNA, 
detection of cardiac specific electrical activity, and detection of cardiac specific 
changes in the intracellular concentration of a physiological ion. 

25 According to still further features in the described preferred embodiments, the 

method of qualifying the effect of a treatment on a biological state or a biological 
process further comprises screening and optionally isolating cells substantially 
displaying proliferation or tissue substantially displaying proliferation. 

According to still fur&er features in the described preferred embodiments, the 

30 method of qualifying the effect of a treatment on a biological state or a biological 
process fUrther comprises inducing the biological state or the biological process in the 
cells predominantly displaying at least one characteristic associated with a cardiac 
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phenotype, or the tissue predominantly displaying at least one characteristic 
associated with a cardiac phenotype. 

According to still fluHier features in the described preferred embodiments, the 
mettiod of qualifying the effect of a treatment on a biological state or a biological 
5 process fUrther conq)riS6S oo-cultuxing the cells predominantly displaying at least one 
characteristic associated with a cardiac phenotype, or the tissue predominantly 
displaying at least one chaiact^stic associated with a cardiac phenotype with primary 
cardiac cells or primary cardiac tissue following step (c). 

According to still fbrth^ features in the described preferred embodiments, the 
10 method of qualifying the effect of a treatment on a biological state or a biological 
process further comprises transplanting the cells predominantly displaying at least one 
characteristic associated with a cardiac phenotype, or the tissue predominantly 
displaying at least one characteristic associated with a cardiac phenotype into cardiac 
tissue of a recipient following step (c). 
IS According to still ftirfher features in the described preferred embodiments, the 

inducing the biological state or the biological process is effected by treating the cells 
predominantly displaying at least one characteristic associated with a cardiac 
phenotype, or the tissue predominantly displaying at least one characteristic associated 
with a cardiac phenotype with a treatment selected from the group consisting of a 
20 treatment with a drug, a treatment with a physiological ion, and an electrical treatment 

According to still further features in the described preferred embodiments, the 
drug is selected from the group consisting of 1-heptanol, isoproterenol, 
carbamylcholine, forskolin, IBMX, atropine, tetrodotoxin, and diltiazem 
hydrochloride. 

25 According to still further features in the described prefeired embodiments, the 

physiological ion is selected &om tlie group consisting of a potassium ion, a sodium 
ion, and a calcium ion. 

According to still further features in the described preferred embodiments, the 
recipient is a swine. 

30 According to still fiirther fbaturea in the described preferred embodiments, the 

propagative electrical activity is characterized by slow conduction. 

According to still further features in the described preferred embodiments, the 
biological state or the biological process is cardiac specific electrical activity and 
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monitoring the biological state or the biological process is effected using a 
multielectrode array. 

According to still fUrther features in the described preferred embodiments, the 
multielectrode azray comprises electrodes positioned 100 ^m or less apart 
S According to still further features in the described preferred embodiments, the 

multielectrode array con:^)rises at least 60 electrodes. 

According to still further features in the described preferred embodiments, the 
multielectrode array measures electrical activity with a £requency of 10 kHz or higher, 
According to an additional aspect of Ae present invention there is provided a 
10 method of repairing cardiac tissue in a subject, the method comprising: (a) partially 
dispersing a confluent cultured population of human stem cells, thereby generating a 
cell population includhig cell aggregates; (b) subjecting the cell aggregates to culturing 
conditions suitable for generating embiyoid bodies; (c) subjecting the embryoid bodies 
to culturing conditions suitable for inducing cardiac lineage differentiation in at least a 
IS portion of the cells of tiie embryoid bodies thereby generating cells predominantly 
displaying at least one characteristic associated with a cardiac phenotype, or tissue 
predon:iinantly displaying at least one characteristic associated with a cardiac 
phenotype; and (d) administering a therapeutically effective dose of the cells 
predominantly displaying at least one characteristic associated with a cardiac 
20 phenotype, and/or the tissue predominantly displaying at least one characteristic 
associated with a cardiac phenotype to the heart of llie subject, thereby tepairing 
cardiac tissue in the subject 

According to further features in preferred embodiments of the invention 
described below, the method of repairing cardiac tissue further comprises isolating the 
25 cell aggregates from the cell population prior to step (b). 

According to still further features in the described preferred embodiments, the 
method of repairing cardiac tissue further comprises isolating the embryoid bodies 
prior to step (c). 

According to still furdier features in the described preferred embodiments, the 
30 method of rq)auring cardiac tissue further comprises screening and optionally isolating 
cells predominantly displaying at least one characteristic associated with a cardiac 
phenotype or tissue predominantly displaying at least one characteristic associated 
with a cardiac phenotype, the screening effiected by at least one method selected fh>m 
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the group cotisistmg of detection of mechanical conlraction, detection of a cardiac 
specific stmcturc, detection of a cardiac specific protein, detection of a cardiac specific 
RNA, detection of cardiac specific electrical activity, and detection of cardiac specific 
changes in the intracellular concentration of a physiological ion, 
5 According to still fUrther features in the described preferred embodiments, the 

detection of cardiac specific electrical activity is effected using a microelectrode army, 
According to still fimher features in the described preferred embodiments, the 
multielectrode array comprises electrodes positioned 100 fun or less apart. 

According to still further features in the described preferred embodiments, the 
1 0 miUtielectrode array comprises at least 60 electrodes. 

According to still fijrther features in the described preferred embodiments, the 
multielectrode array is configured to obtain data characterizing the cardiac specific 
electrical activity with a frequency greater than a range selected from 1-25 kHz, 

According to still flirther features in the described preferred embodiments, the 
1 5 method of repairing cardiac tissue flirther comprises screening and optionally isolating 
cells substantially displaying proliferation or tissue substantially displaying 
proliferation. 

According to still fijrther features in the described preferred embodiments, the 
method of repairing cardiac tissue further comprises treating the subject with an 
20 inmiunosuppressive regimen, thereby promoting engraftment of the cells 
predominantly displaying at least one characteristic associated with a cardiac 
phenotype, or the tissue predominantiy displaying at least one characteristic associated 
with a cardiac phenoQ^e in the subject 

According to still further features in the described preferred embodiments, the 
25 method of repairing cardiac tissue fijrther conqmses inactivating or removing 
pathogenic cardiac cells or pathogenic cardiac tissue in the subject. 

According to still fiirther features in the described preferred embodiments, the 
administering is effected by injection of the cells predominantly displaying at least one 
characteristic associated with a cardiac phenotype, or the tissue predominantiy 
30 displaying at least one characteristic associated with a cardiac pheno^e into tiie heart 
of the subject. 
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According still fujUier features in the described preferred embodiments, the 
culturing conditioiis suitable for induciag cardiac lineage differentiation include 
adherence of the embryoid bodies to a sur&ce. 

According to still further features in the described preferred embodiments, the 
S human stem cells are embryonic stem cells. 

According to still further fisatures in the described preferred embodiments, the 
human stem cells are syngeneic with the subject. 

According to still fUrther features in the described prefeired embodiments, the 
partially dispersing a confluent cultured population of human stem cells is effected via 
10 a non-trypsin based method 

According to still further features in the described preferred embodiments, the 
partially dispersing a confluent cultured population of human stem cells is effected via 
treatment with collagenase. 

According to stUl further features in the described preferred embodiments, the 
IS culturing in step (b) is effected for a time period selected from the range of 1 to 20 
days. ^ 

According to still further features in the described preferred embodiments, die 
culturing conditions in step (b) include inhibiting adherence of the cell aggregates to a 
surface. 

20 According to still further features in the described preferred enibodiments, tiie 

culturing conditions in step (b) include culture medium supplemented wilh serum. 

According to still flirther features in the described preferred embodiments, the 
culturing in step (c) is effected for a time period selected from the range of 1-60 days. 
According to still further features in the described preferred embodiments, the 
25 culturing in step (c) is effected in the presence of dime%l sulfoxide. 

According to still further features in the described preferred embodiments, the 
culturing conditions in step (c) include exposing the embryoid bodies to a surface 
coated with gelatin. 

Accordmg to still fhrther features in the described preferred embodiments, the 
30 culturing conditions suitable for inducing cardiac lineage differentiation flirfher 
biclude culture medium supplemented with serum. 

According to yet an additional aspect of the present invention there is provided 
an in-vitro culture of isolated human cells which will display substantial proliferation 
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for at least as long as a tiine period selected &om the range of 1-35 days, and which 
will predominantly display at least one characteristic associated with a cardiac 
phenotype for at least as long as a tone period selected from the range of 1-60 days. 
According to still an additional aspect of the present invention there is 
S provided an in^vitro culture of an isolated human tissue which will display substantial 
proliferation for at least as long as a time period selected from the range of 1-35 days, , 
and which will predominantly display at least one characteristic associated with a 
cardiac phenotype for at least as long as a time period selected from the range of 1-60 
days. 

10 According to still further features in the described preferred embodiments, the 

at least one characteristic associated with a cardiac phenotype is selected from the 
group consisting of cardiac specific mechanical contraction^ a cardiac specific 
structure^ expression of a cardiac specific RNA, eTqnressian of a cardiac specific 
protein, cardiac specific changes in the intracellular concentration of a physiological 

1 5 ion, and cardiac specific electrical activity. 

According to stiU fiuther features in the described preferred embodiments, the 
cardiac specific mechanical contraction is selected from the group consisting of 
spontaneous mechanical contractioni^ rhythmic mechanical contraction^ synchronous 
mechanical contraction, and propagative mechanical contraction. 

20 According to still finrther features in the described preferred embodiments, the 

cardiac specific structure is selected from the group consisting of a sarcomere, a Z*- 
band, an intercalated disc, a gap junction, a desmosome, a fibrillar bundle, a fibrillar 
bundle striation, and a myooytic syncytium; 

According to still finrther features in the described preferred embodiments, the 

25 cardiac specific RNA encodes a protein selected from the group consisting of cardiac 
a-myosin heavy chain, cardiac p^^myosin heavy chain, a-actinin, cardiac troponin I, 
cardiac troponin T, QATA-4, Nlcx2.5, MLC-2A, MLC-2V, atrial myosin light chain, 
ventricular myosin light chain, and connexin-43. 

According to still fi«rther features in the described preferred embodimentSj the 

30 cardiac specific protein is selected from the group consisting of cardiac a-myosin 
heavy chain, cardiac p-myosin heavy chain, atrial natriuretic peptide, cardiac troponin 
I, desmin and connexin-43. 
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According to still further features in the described preferred embodiments, the 



cardiac specific electrical 
electrical activity, rhythi 



activity is selected firom the group consisting of spontaneous 

slectrical activity, synchronized electrical activity, and 

> 

propagative electrical acti|vity. 
According 

isolated human cells are c^ultured in contact with a multielecttode array configured for 
monitoring the cardiac specific electrical activity. 
According 

isolated human tissue is ^tured in contact with a multielectrode array configured for 
ring the cardiac 

According to still further features in the described preferred embodimmts, the 
subject is a human or a nc nhuman mammal. 
According to stil further fisatures 

cardiac disorder characterized , ^ , 

administering is effected by intra-myocardial ix\jection of the cells predominantly 
displaying at least one characteristic associated with a cardiac phenotype, or tissue 
predominantly displaying at least one characteristic associated with a cardiac 
phenotype, thereby treating the disorder characterized by cardiac arrhythmia* 

According to stiU flnrtber features in described prefenred embodiments, the 
subject has a cardiac disorder characterized by abnormal generation of the electrical 
impulse or impaired conduction, and whereas title administering is effected by intra* 
myocardial injection of the cells predominantly displaying at least one characteristic 

# 

associated with a cardiac phenotype, or the tissue predominantly displaying at least 
one characteristic associated with a cardiac phenotype, thereby treating the disorder 
characterized by impaired cardiac conducting tissue. 

According to still further features in described preferred embodiments, the 
subject has a cardiac disorder characterized by myocardial ischemia, and the 
administering is effected by intra-myocardial injection of the cells predominantly 
displaying at least one characteristic associated with a cardiac phenotype, or tissue 
predominantly displaying at least one characteristic associated with a cardiac 
phenotype, thereby treatmg the disorder characterised by myocardial ischemia. 

The present invention successfully addresses the shortcomings of the presently 
known configurations by providing a method of using in^vitro culture of human 
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differentiable cells to generate highly differentiated, highly flinctional cardiac cells 
and tissues. 

Unless otherwise defined, all technical and scientific terms used herein have 
the same meaning aa commonly understood by one of ordinary skill in the art to which 
5 this invention belongs. Although metiK)ds and materials similar or equivalent to those 
described herein can be used in the practice or testing of the present invention^ suitable 
methods and materials are described below. AU publications, patent {plications, 
patents, and other references mentioned herein are incoiporated by reference in their 
entirety. In case of conflict, the patent specification, including definitions, will 
10 control. In addition, the materials, methods, and examples are illustrative only and not 
intended to be limiting. 

BRIEP DBSCRIPnON OF THE DRAWINGS 

The invention is herein described, by way of exan^le only, with reference to 

15 the accompanying drawings. With specific reference now to the drawings in detail, it 
is stressed that the particulars shown are by way of exanqple and for purposes of 
illustrative discussion of the preferred embodiments of the present invention only, and 
arc presented in the cause of providing what is believed to be the most useful and 
readily understood description of the principles and conceptual aspects of the 

20 invention* In this regard, no attempt is made to show structural details of the invention 
in more detail than is necessary for a fundamental understanding of the invention* the 
description taken with the drawings making apparent to those skilled in the art how tlie 
several forms of the invention may be embodied in practice. 
In the drawings: 

2S FIO. la is a schematic diagram depicting the three stages of differentiation of 

human embryonic stem cells into cells and tissues displaying cardiomyocytic 
characteristics. Initially, the embryonic s\/em cell colonies are grown on top of the 
mouse embryonic feeder (MEF) feeder layer (left). To induce differentiation, cells are 
transferred to suspension, where they aggregate to form embtyoid bodies (middle). 

30 Following 10 days in suspension, embryoid bodies are plated on gelatin-coated culture 
dishes, where they are examined for the appearance of spontaneous contractions 
(right). 
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FIOs. Ib-d are photomicrographs depicting cells diuix^ the three stages of 
differentiation of hiunan embryonic atem cells into cells displaying cardiomyocytic 
characteristics: embryonic stem cell colony (Figure lb), embryoid bodies in 
suspension (Figure Ic), and a contracting area in the outgrowth on an embryoid body 
5 (Figure Id). 

FIG. 2 is a data plot depicting cumulative percentage of embryoid bodies 
containing spontaneously contracting areas as a function of the number of days 
postplating of the embryoid body. Embryoid bodies were found to display plateau 
levels of contraction for at least 60 days, the longest time period studied (not shown in 
10 Figure). 

FIGs. Sa*^ are transmission electron micrographs depicting cardiomyocyte 
specific ultrastructural characteristics of embryonic stem cell-d^ved cardiomyocytic 
cells. Figure 3a depicts a section of a beating embtyoid body 10 days pos^lating. 
Relatively unorganized myofibrillar bundles can be seen in some myocytes. Figure 3b 

15 depicts a cell 27 days postplating displaying a more mature sarcomeric organization. 
Figure 3c depicts different cells from the same embryoid body as in Figure 3b 
demonstrating more organized sarcomeres and Z-bands (arrow). Figures 3d and 3e are 
high-power electron micrographs showing the presence of a gap junction (arrow) and 
desmosomes (arrow), respectively. 

20 FIQs. 4a-f are fluorescence photomicrographs dqpicting expression of cardiac 

muscle specific, but not skeletal muscle specific proteins in embryonic stem cell- 
derived cardiomyocytic cells. Figure 4a depicts immunostaining of dispersed cells 
from a beating embryoid body (day 16 postplating) with anti cardiac o/p-myosin heavy 

chain mAbs, Several cells stained positively (x40 magnification). Figure 4b depicts 

> t_ 

25 immunostaining with anti cardiac o/p-myosin heavy chain mAbs of dispersed cells 
from a beating embiyoid body of a cardiomyocyte . (day 16 postplating) at a more 
developed stage (x63 magnification). Note the ^pearance of early striation pattern 
(arrow). Figure 4c depicts positive staining with anti sarcomeric o-actinin mAbs (day 
17 postplating; x63 magnification). Figure 4d depicts positive staining with cTnl 

30 mAbs (day 30 postplating; x63 magnification). Figure 4e depicts positive staining 
with anti desmin mAbs (day 18 postplating; x63 magnification). Figure 4f depicts 
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positive staining with anti atrial natriuretic peptide antibody (day 16 postplating x63 
magnification). 

FIO. S is a series of fluorescence photographs depicting expression of cardiac 
specific genes in the contractiuig embryoid bodies. RNA san^les from 
5 vndififorentiated embryonic stem cells (ES) and contractiag embryoid bodies (C-^s) 
were analyzed by RT-PCR for the expression of cardiac-specific markers: cardiac 
troponin I (cTnl), cardiac troponin T (cTnT), GATA-4, human atrial natriuretic 
peptide (hANP), MLC.2A, MLC-2V, Ntoc2.5, and a-myosin heavy chain (a-MHC). 
Octamer-binding protein 4 (Oct*4) is an embryonic stem cell marker. GAPDH served 
10 as internal standard. -RT indicates no cDNA. 

FIOs. 6a-^b are data plots depicting a typical calcium transient (Figure 6a) and a 
continuous recording of calcium transients (Figure 6b) in cultured human embryonic 
stem cell-derived cardiomyocytic cells as determined by fura-2 fluorescence. Tp - 
time to peak, Tt - total transient time, and Tin - time to haif-peak relaxation, ms - 
15 milliseconds. 

FIO. 6c is a data plot depicting typical extracellular electrophysiological 
recordings from different areas of the embryoid body. Note the presence of a sharp 
and slow component ms - milliseconds. 

FIG. 7 is a photograph depicting a microelectrode anray (MEA) plate, which 
20 consists of 60 electrodes spaced 100 |jm apart. 

FIGS4 8a-d are fluorescence photomicrographs depicting immunostaining of 
contracting areas within the EBs. Figure 8a - anti-cTnl antibodies (red) and ToPro3 
(nuclear staining, blue); Figure 8b - double staining using anti-oTnl antibodies (red) 
and anti'<Cx4S antibodies (green); Figure 8c - confocal immunostaining using anti 
25 Cx43 antibodies; Figure 8d - confocal imnmnostaining usmg anti Cx45 antibodies. 

FIGs. 9a«d depict multielectrode electrophysiological analysis of a unifocal 
contracting embryoid body. Figure 9a is a photomicrograph depicting a contracting 
embryoid body plated on a microelectrode array plate. Figure 9b is a set of data plots 
depicting typical extracellular recordings ftom all 60 electrodes of the microelectrode 
30 anay. Figure 9c is a data plot depicting a high-resolution activation map generated 
from LATs measured at each electrode. Note that, in this example^ activation 
propagates from the lower left side of the microelectrode array (earliest site - red) 
towards the right upper area (latest activation site - blue). A conduction velocity 
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vectorial map, represented by arrows whose sizes correlate with the local conductioa 
velocity, is superiiDposed on the activation map, Figure 9d is a histogram depicting 
the resulting activation time histogram of the activation map depicting in Figure 9c, 
characterized by a single cluster of activation times, which is continuous from early to 

S late LATs, typical of an embryoid body with a broad conductix^ area. 

FIOs, lOa-c depict multielectrode electrophysiological analysis of an embryoid 
body with two contracting areas connected thiou|^ a narrow oonductuig zone. Figure 
10a is fluorescence photomicrograph depicting inomuhostaining of the embryoid body 
witti anti cTnl antibody (green). Note the narrow connecting region between the two 

10 contracting areas located between the two gray markers. Figure 10b is an activation 
map of the contmcting areas showing the presence of early activated sites (red and 
yellow) in the top portion of the microelectrode anay and late activated sites (blue and 
dark blue) in the lower part» with slow conduction between these two zones. Black 

« 

areas indicate electrodes in which no electrical activity was recorded. The gray 
IS markers allow comparison between this activation map and the micrograph in Figure 
10a since they mark the same electrodes in both figures, Note the spatial correlation 
between the narrow connecting region and the area of slow conduction. Figure 10c is 
a histogram depicting early and late activation times clusters with a paucity of 
intermediate values, 

20 FIOs* lla-d depict activation maps of the same embiyoid body depicting the 

slowing of conduction induced by gradual elevation of extracellular potassium 
concentration. Note the significant slowing of conduction that was manifested by an 
increase in total activation tim^ from a baseline value of 25 milliseconds (S,3 mM, 
Figure 11a) to values of 40, 70, and 120 milliseconds at extracellular potassium 

25 concentrations of lO^ 15, and 20 mM (Figures 1 Ib-d, respectively), 

FIOs. 12a-b depict activation maps of the same embryoid body during baseline 
(Figure 12a) and following application of 10 jiM TTX (Figure 12b). Note the increase 
in total microelectrode array activation time from a baseline value of 15 milliseconds 
to a value of 35 milliseconds in this exan^le. 

30 PIOs. 13a-b depict activation maps of ttie same embryoid body during baseline 

(Figure 13a) and following application of 0.3 mM of 1-heptanol (Figure 13b). 
Reduction of celUto-cell coupling by l-heptanol resulted in slowing of conduction, as 
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manifested by an increase of total activation tinie from a baseline value of IS to a 
valiieof 32millisec nds. 

FICfs. 14a-b are photomicrographs of a structurally inbomogeneous embryoid 
body and its activation map, respectively, depicting the effect of structural 
S inhomogeneities (Figure 14a) on microconduction (Figure 14b). Note that tbe 
presence of noncontracting tissue (identified by the set of 3 parallel arrows) resulted in 
altmtion of the propagation pa&way. The resulting activation wave&ont curvature 
(identified by the angled arrow) was associated with significant slowing of conduction, 
as can be appreciated by the prolonged total microelectrode array activation time. 

10 FIGs. ISa^b depict a microelectrode array generated higih-resolution activation 

map (Figure 15a) and positive chronotropic responses following addition of 10 
isoproterenol (Figure ISb, indicated by arrow) of spontaneously conbracting cultured 
human embryonic stem cell-derived cardiomyocytlc cells used to generate hybrid rat 
ventricular myocyte^human embryonic stem cell-derived cardiomyocyte co-cultures. 

IS FIO. 16a depicts a phase-contrast photomicrograph of a hybrid human 

embryonic stem cell^derived cardiomyocyte-rat primary cardiomyocyte culture grown 
on a microelectrode array plate showing the cultured human embiyonic stem cell- 
derived cardiomyocytic cells in the upper part as a white cluster. 

FIGs. 16b-c depict an activation map of spontaneous activity showing the 

20 activation origin (red) in the rat tissue propagating to the rest of the co-culture (Figure 
16b), and simultaneous recordxnp fiom the human embryonic stem cell-derived 
(upper trace) and rat (lower trace) tissues (Figure I6c). The activation map 
corresponds to the micrograph shown in Figure 16a and the human and rat traces were 
generated from the electrodes indicated by red and green circles, respectively, in 

2S Figure 16a. 

FIGs. 16d-e depict an activation map (Figure 16c) and simultaneous recordings 
(Figure 16d) from the rat (lower trace) and human (upper trace) tissues during pacing 
from an electrode positioned in the rat tissue in the lower left comer area of flie 
culture. The activation m^ corresponds to the micrograph shown in Figure 16a and 
30 the human and rat traces were generated from die electrodes indicated by red and 
green circlesi respectively, in Figure 16a. 

FIGs. 16f-g depict an activation map (Figure 16f) and simultaneous recordings 
(Figure 16g) from the rat Oower trace) and human (upper trace) tissues during pacing 
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from an electrode positioned in the human tissue in the top, lef)>o&center area of the 
culture. The activation map corresponds to the micrograph shown in Figure 16a and 
the human and rat traces were generated from the electrodes indicated by red and 
green circles, respectively, in Figure 16a. 

S FIO. 16h is a data plot depicting optical recordings of the mechanical activity 

in the contracting embxyoid body (top) synchronous with the electrical activity in fhe 
human (middle) and rat (bottom) tissues. 

FIG. 16i4 are histograms depicting the cycle-lengths ratios between the rat and 
human tissues. The narrow peak at a ratio of 1 represents synchronous activity and 

10 was found during long-term recordings in all cultures at baseline (Figure 16i), 
following isoproterenol administration (Figure 16j) and in the majority of cultures 
following Heptanol applicatian figure 161). In the minority of cultures studied n:uld 
gap junction uncoupling with Heptanol resulted in the appearance of episodes of 2: 1 
conduction blocks (Figure 16k), 

IS FIGs. I7a-^b are photomicrographs depicting formation of abundant gap 

jimctions between cultured human embryonic stem cell-derived cardiomyocytic cells 
and primary ventricular cardiomyocytes. Figure 17a is a representative high 
magnification confocai iluotescence photomicrograph depicting the spatial distribution 
of gap junction (positive punctate Cx43 staining, green) in the co-cultures. The human 

20 embryonic stem cell-derived cardiomyocytic cells were identified via anti human HL A 
antibody (red cells). Note the presence of gap junctions between the cultured human 
embryonic stem cell-derived cardiomyocytic cells (arrow head) and at the interphase 
between the cultured human embryonic stem cell-derived cardiomyocytic cells and the 
primary ventricular cardiomyocytes (arnow). Figure 17b is a confocai 

25 photomicrograph demonstrating transfer of lucifer yellow from the primary ventricular 
myocytes to the cultured human embryonic stem cell-derived cardiomyocytic cells 
(anrow). 

FIGs. 17c-e are photomicrographs of confocai images depicting the spatial 
distribution of gap junctions at the inteiphase between the human BS cell-derived and 
30 rat cardiomyocytes. Figure 17c - Spatial relationship between the himian cells (stained 
in red by anti human mitochondrial antibodies) and rat cardiomyocytes (identified by 
ToPto3 blue staining of cell nuclei and lack of red cytoplasmatic staining); Figure 17d 
- Spatial distribution of gap junctions in the hybrid cultures (positive punctuate Cx43 
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green staining, anows mark the presence of gap junctions at the tissue's junction); 
Figure 17e - Spatial association of the human ES derived cells, rat cells, and gap 
junction distribution. 

FIOs. 1 8a-c depict typical body sur&ce recordings Qeads I, n, HI) of nodal 
S escape rhythm, ventricular rhythm, and new ventricular rhythm originating from the 
posterolateral area of the left ventricle (Figures ISa^c, respectively) following the 
creation of con^lete atrioventricular block showing complete atrioventricular 
dissociation. 

FIOs. 19a-i depict electroanatomical mapping of the nodal escape rhythm 

10 (Figures 19a and 19c) and the new ventricular rhythm following cell transplantation 
(Figures 19b, 19d» 19f, 19g, 19h, 19i). Maps ate shown fcom an anteroposterior 
(Figures 19a-b), left lateral (Figures 19c-<Q, and left posterolateral (Figures 19f-i) 
views. Note that the earliest activation during nodal rhythm (red area) originates from 
the superior septum and propagates to the rest of the ventricle, activating the lateral 

15 wall last (blue-purple area). In contrast, earliest activation during mapping of the new 
rhythm originated in the posterolateral wall with the sqptum being activated last. In 
order to correlate the electroanatomical map (Figure 19f) with pathology (Figure 196), 
the earliest activation was identified (Figure 191^ arrow), the catheter was navigated 2 
cm from this position and a radiofrequency ablation was performed (Figure 19£ arrow 

20 head). Note the spatial correlation in pathology with the ablation site (Figure 19e, 
marked by the pink needle) being exactiy 2 cm away from tiie suture» indicating tiie 
site of cell injection. Figures 19g-i depict reproducibility of the electrophysiological 
findings. The same animal was mapped at two separate occasions and the 
corresponding electroanatomical maps are presented in the left posterior oblique view 

25 (Figures 19g-h). Note the reproducibility of the findings with the earliest activation 
(red) located at the posterolateral region in both case. A focal ablation was delivered 
during each of the two procedures at opposite sides of the earliest activation. An 
excellent correlation was found in pathology (Figure 19i) with the cell injection site 
(blue suture) located exactiy between the two ablation sites (marked by the two green 

30 needles). 

FIOs, 20a*d are photonucrographs of histological analyses depicting the site of 
cell transplantation. Figure 20a depicts hematoxylin and eosin (H&E) staining of 
transplanted cells within the recipient myocardial tissue; Figure 20b depicts the 
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presence of CM-DiMabeled cells within the myocardium (red fluorescence); Figure 
20c depicts immunostaining with anti-human mitochondria antibodies (green) 
verifying the human phenotype of the transplanted cells. Nuclei were counterstained 
with ToPro3 (blue); Figure 20d is a confocal image depicting gap junctions 
5 (immunostalned for con3iexin-43, green) between the transplanted cells (identified by 
CM-Dil labeling! red) and host cells. Nuclei of host and transplanted cells are marked 
in blue. 

FIOs. 21a-d are photomicrographs depicting changes in cell cycle activity 
during in-vitro maturation of ES cell-derived cardiomyocytes. Shown are confocal 

1 0 images depicting the results of double staining of whole EBs with anti-cTnl antibodies 
(Figures 21a, c, red labeling) and with antibodies directed against the marker of 
cycling cells^ Ki-67 (Figures 21ai C| green nuclear staining). In addition, all nuclei of 
both cycling and noncycliaig cells can be viewed using the To->Pro-3 nuclear staining 
(Figures 21b, d). Note the presence of cycling myocytes (Figure 21a, red cells with 

IS positively stained green nuclei) in early-stage E6 (18 days postplating) and lack of any 
such cycling cells (Figure 21c, absence of nuclear staining in all cardiomyocytes) in 
late-stage EBs (38 days postplating), 

FIO. 22 is a bar graph depicting changes in the labeling index (percentage of 
Ki-67 positive nuclei) of undifferentiated stem cells, early (20 days), intermediate (30 

20 days), and late (40 days) stage human ES cell-derived cardiomyocytes. 

DESCRIPTION OF THE PREFEEIRED EMBODIMENTS 

The present invention is of methods of generating human cells and tissues 
predominantiy displaying at least one characteristic associated with a cardiac 
25 phenotype, and of methods of using such cells and tissues to repair cardiac tissues, to 
qualify the effects of treatments on biological states and processes of cardiac cells and 
cardiac tissues, and to characterize biological states and processes of cardiac cells and 
cardiac tissues. 

Specifically, the present invention can be used to generate cultured human 
30 cardiomyocytic cells and tissues displaying a broader range of human cardiac specific 
structures and functions than prior art cultured di£ferentiable cell-derived cells and 
tissues, displaying such human specific and cardiac specific structures and functions 
for longer time periods than prior art cultured differentiable cell-derived cells and 
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tissues, and displaying significant proliferative capacity. As such, the present 
invention can be used to generate human cardiomyocytic cells and tissues which can 
be used to treat human cardiac disorders with &r greater e£Eicacy than prior art 
cultured differentiable cell-derived cells and tissues, to test the therapeutic and toxic 

S effects of treatments, such as pharmacological and electrical treatments^ on human 
cardiac cells and tissues more efficiently and accurately than with prior art cultured 
differentiable cell^derived cells and tissues, to characterize cardiac specific gene 
expression, and to optimally model human cardiomyogenesis and human cardiac 
physiology relative to prior art cultured differentiable cell'-derived cells and tissues. 

10 The principles and operation of the present invention may be better understood 

with reference to the accompanying descriptions and exan9>les. 

Before e3q>laintng at least one embodiment of the invention in detail, it is to be 
understood that the invention is not limited in its application to the details of 
construction and the arrangement of the components set forth in the following 

15 description or exemplified in the Examples. The invention is capable of other 

« 

embodiments or of being practiced or carried out in various ways. Also, it is to be 
understood that the phraseology and terminology employed herein is for the purpose 
of description and should not be regarded as limiting. 

Death or damage of cardiomyocytes or myocardium as a result of diseases 

20 associated with cardiac cell or tissue necrosis, such as ischemic cardiac disease 
oftentimes leads to mortality or disability since adult cardiomyocytes are incapable of 
proliferating in-viyo. 

Such inability of adult cardiomyocytes to proliferate represents a major 
stumbling block to approaches attempting to utilize in^vitro culture of adult 

2S cardiomyocytes to generate cardiomyocytic cells and tissues suitable for treating 
cardiac disorders, such as myocardial infarction, for testing the effects, such as the 
therapeutic and toxic effects of treatments, such as pharmacological and electrical 
treatments, on human cardiac cells and tissues, for characterizing cardiac specific gene 
expression, and for modeling aspects of human cardiac biology, such as human cardiac 

30 development and human caidiophysiology. 

Various prior art approaches have attempted to use in-yitro culture of 
differentiable cells to generate cardiomyocytic cells and tissues suitable for such 
applications. 
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However, all prior art approaches have fitiled to provide an adequate solution 
for utilizing in-vitro culture of differentiable cells to generate cardiac cells and tissues 
suitable for treating human cardiac disorders^ and for testing the phannacological 
effect and toxicity of compounds on human cardiac cells and tissues. 
S While e;q)erimenting with cultured human embiyonic stem cells» the present 

inventors unexpectedly uncovered that culturing human stem cells according to the 

* 

method of the present invention could be used to generate cardiomyocytic cells and 
tissues displaying far greater cardiac specific differentiation and functionality than any 
prior art cultured differentiable cell-derived cells and tissues. It was further uncovered 

10 that the cardiomyocytic cells and tissues generated according to the method of the 
present invention displayed, for the first time by cultured differentiable cell-derived 
cells and tissues^ a broad spectrum of human specific and cardiac specific responses, 
such as physiological responses, to treatments, such as phamiacological and electrical 
treatments. It was yet fUrther uncovered, also for the first time by cultured 

1 S dlfiferentiable cell-derived cells and tissues, ttiat the cardiomyocytic cells and tissues of 
the present invention displayed human specific functional integration with primary 
cardiomyocytes and myocardium in-vUro and in-vivOy respectively, It was still yet 
further uncovered that the cardiomyocytic cells and tissues of the present invention 

display significant proliferative capacity. 

20 Thus, the cells and tissues of the present invration can be used to treat himum 

cardiac disorders, to test the effects, such as the therapeutic and toxic effects, of 
treatments, such as pharmacological and electrical treatments, on human cardiac cells 
and tissues, to characterize cardiac specific gene expression, and to model aspects of 
cardiac biology, such as human cardiac development and human cardiac 

25 electrophysiology, all of which optimally relative to methods employing prior art 
cultured differentiable cell-'derived ceUs and tissues. 

As used herein, "differentiable" cells are cells that can differentiate. 
Differentiable cells include, but are not limited to, non-dififerentiated cells, stem cells, 
totipotent cells, partially difilerentiated cells, progenitor cells, precursor cells, 

30 pluripotent cells, de-differentiated cells, and the like. 

Thus, according to one aspect of the present invention, there is provided a 
method of generating cardiac cells and tissues predominantly displaying at least one 
characteristic associated with a cardiac phenotype. 
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As described in detail in Bxample 1 of the BTcatnpies section below, the 
method of generating the cardiac cells and tissues of the present invention is effected 
by partially dispersing a confluent cultured population of human stem cells into cell 
aggregates, preferably containing two or more cells, most preferably containing 3-20 
S cells. 

As used herein, the phrase ''cells and tissues of the present invention'^ refers to 
the cells and tissues predominantly displaying at least one characteristic associated 
with a cardiac phenotype of the present invention. 

As used herein, a "confluenf ' population of cultured cells is a population of 

10 cultured colls which are adhesively interconnected, and which may or may not cover 
the entire available growth sur&oe of the culture recipient in which they are cultured. 

The stem cells used to generate the cells and tissues of the present invention 
are preferably embryonic stem cells which are grown as established cell lines, such as, 
for exan:q>le, those described in U.S. patent 5,843,780 to J. Thomson, or by Thomson 

IS J,et aL, 1998. Science 282:1145-1147. In order to ensure optimal results, single-cell 
clone derived embryonic stem ceU lines ore established and cultured according to the 
method of the present invention. This thcilitates selection of optimal cell lines for 
generating the cells and tissues of the present invention, as described in Example 1 of 
the Examples section below. 

20 The use of human cell lines, such as H9.2 (Amit, M. et al, 2000. Dev Biol. 

227:271) according to the present invention, is greatly advantageoiis over prior art 
methods since it uniquely enables the genera^on of highly differentiated, highly 
functional, substantially proliferating human cardiomyocytic cells and tissues in-vitro. 

4 

Various techniques, such as physical or, more preferably, chemical techniques 
2S can be employed for partially dispersing a confluent population of cells. Ck)nfluent 
cells are preferably partially dispersed enzymatically, preferably via a non*trypsin 
based method, preferably using coUagenase, preferably coUagenase IV. Alternately, 
enzymes such as dispase can be employed. Apphcation of shear flow to enzymatically 
treated cells may be employed to obtain a desired degree of dispersion. 
30 Following partial dispersion of confluent stem cells, cell aggregates are 

subjected to culturing conditions suitable for generating embryoid bodies, as described 
in further detail in Exan^le 1 of the Examples section which follows. Embryoid 
bodies are easily recognized by the ordmary artisan as being coalesced embryonic 
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Stem cells displaying a characteristic stnictqre and moiphology in culture, as 
flirthermore abundantly taught by the literature of the art. Optionally, cell aggregates 
are isolated, for example via microcapillary suction under a stereoscope prior to being 
subjected to culturing conditions suitable for generating embryoid bodies. The typical 
5 appearance of embzyoid body moxphologyi according to the present invention, is 
illustrated in Figure Ic of the Examples section below. 

Culturing conditions suitable for generating embryoid bodies fiom ceU 
aggregates preferably comprise inhibiting adhetmce of the cell aggregates to a surface, 
and preferably further comprise supplementing the culturing medium with serum, as 
10 described further in Example 1 of the Examples section which follows, 

Inhibiting adherence of cells to a surface* such as the lower surface of a 
culturing recipient, is optimally effected using a culturing recipient having non«*coated 
cell-contacting sur&ces^ such aS| for example, non-tissue culture coatjed plastic 
bacteriology culture dishes, as described in Example 1 of the Example section below. 
15 Preventing adherence of cells to a surface of a culturing recipient can be further 
enhanced by culturing the cells with shaking, 

Culturing of cell aggregates to induce generation of embryoid bodies is 
preferably effected by culturing embryoid bodies at a cell-to-sur£kce density ranging 
&om about 5 x 10^ to 1 x 10^ cells/cm^ more preferably ranging firom about 100,000 
20 to about 500,000 cells/cm^, and most preferably at a cell density of about 200,000 
cells/cm^. Formation of embryoid bodies can be enhanced by culturing cell aggregates 
under conditions allowing cell-cell contacts therebetween. 

Culturing cell aggregates to generate embryoid bodies can be effected, for 
example, by culturing about five million cells in a volume of about 7 ml of culture 
25 mediimi, for example in a circular 58 millimeter diameto: Petri dish, as described in 
Example 1 of the Examples section which follows. 

Culturing of cell aggregates for generation of embryoid bodies is preferably 
effected for a time period ranging from about 1 day to 20 days, more preferably 
ranging from about 5 days to 20 days, more preferably ranging from about 5 days to 
30 15 days, and most preferably for about 7 days to 10 days, as described in Example 1 of 
the Examples section below. 

Prior art approaches have taught either trypsinization to disperse confluent 
stem cells, or the use of a hanging drop culture phase during the process of generating 

1 



I 
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embryoid bodies fiom dispersed cells, or both. Sxich approaches are not adequate for 
generating the human cells and tissues of the present invention. For example, 
trypsinization of confluent human stem cells was found by the present inventois to 
lead to widespread karyotypic abnormalities in cells and tissues derived therefrom. 

Following generation thereof, embryoid bodies are preferably subjected to 
culturing conditions suitable for mducing cardiac lineage differentiation in at least a 
portion of the cells of the embryoid bodies. Optionally, embryoid bodies are isolated, 



culturing conditions suitable for mducing cardiac lineage differentiation in at least a 

10 portion of the cells of the embryoid bodies. A typical embryoid body with cells 
having undergone cardiac lineage differentiation via the method of the present 
invention is shown in Figure Id of the Examples section which follows. 

As used herein, cells or tissues having undergone ^^cardiao lineage 
differentiation** are cells or tissues predominantly displaying at least one characteristic 

1 S associated with a cardiac phenotype, as ibrther described hereinbelow. 

Culturing conditions suitable for inducing cardiac lineage differentiation 
preferably promote adherence of embryoid bodies to a sur&ce, preferably the lower, 
cell-contacting surfkce of die culture recipient, and preferably fUrther include the use 
of culture medium supplemented with serum. 

20 Serum supplementation preferably comprises addition of fetal bovine serum to 

a volume/volume (v/v) concentration of at least about 1 %, more preferably at least 
about 5 %, more preferably at least about 10 %, more preferably at least about IS 
and most preferably at least about 20 %. 

To promote adherence of embryoid bodies to a surface, such as the lower 

25 surface of a oilture recipient, ^ surface is preferably coated with gelatin. Coating a 
surface with gelatin is preferably effected by exposing the surface to a solution 
containing gelatin, and incubating the surface in the presence of the solution, for 
example, for about sixteen hours at about 4 ^C, or for about thirty minutes to two 
hours at about 37 °C. Preferably, a solution containing about 0.1 % gelatin is used, as 

30 described in Example 1 of the Exan4)les section which follows. 

Alternately, adherence of embryoid bodies to a surface can be promoted, for 
example, by culturing the embryoid bodies in a recipient having cell-contacting 
surfaces coated with an extracellular matrix (ECM) component, such as fibronectin, or 
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with a mixture of extracelliUar matrix components, such as Matrigel^, or by cuituring 
the embryoid bodies in tissue culture coated tissue culture dishes, such as Falcon^ 
tissue Qulture'^coated culture dishes. 

Cuituring embryoid bodies to induce cardiac lineage differentiation in at least a 
5 portion of the cells of the embryoid bodies is preferably effected for a duration of at 
least: 1 day, more preferably 2 days, more preferably 3 day8» more preferably 4 days, 
more preferably S days, more preferably 6 days, more preferably 7 days, more 
preferably 8 days, more preferably 9 days, more preferably 10 days, more preferably 
11 days, more preferably 12 days, more preferably 13 days, more preferably 14 days, 

10 more preferably IS days, more preferably 16 days, more preferably 17 days, more 
preferably 18 days, more preferably 19 days, more preferably 20 days, more preferably 
21 days, more preferably 22 days, more preferably 23 days, more preferably 24 days, 
more preferably 25 days, more preferably 26 days, more preferably 27 days, more 
preferably 28 days, more preferably 29 days, more preferably 30 days, more preferably 

15 31 days, more preferably 32 days, more preferably 33 days, more preferably 34 days, 
more preferably 35 days, more preferably 36 days, more preferably 37 days, more 
preferably 38 days, more preferably 39 days, more preferably 40 days, more preferably 
41 days« more preferably 42 days, more preferably 43 days, more preferably 44 days, 
miore preferably 45 days, more preferably 46 days, more preferably 47 days, more 

20 preferably 48 days, more preferably 49 days, more preferably 50 days, more preferably 
51 days, more preferably 52 days, more preferably 53 days, more preferably 54 days, 
more preferably 55 days, more preferably 56 days, more preferably 57 days, more 
preferably 58 days, more prefferably 59 days, and most preferably 60 days* 

The time period during which embryoid bodies are cultured can be varied 

25 according to the cardiac differentiation fbatures which are desired. For example, as 
described in Figure 3 of the Bxamples section below, cuituring embryoid bodies for a 
time period ranging from 10 days to 27 days can be used to generate cells displaying 
increasingly mature myofibrillar organization. As described in Example 4 of the 
Examples section below, cuituring embryoid bodies for 7-20 days can be used to 

30 generate optimally proliferating cardiomyocytic cells and tissues. In general, as 
described in Example 4 of the following Examples section, the shorter the duration of 
embryoid body culture, the great©- the proliferative capacity of the cardiomyocytic 
cells and tissues generated. 



I 
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Culturiog. conditions suitable for inducing cardiac lineage differentiation in at 
least a portion of tiie cells of the emfaiyoid bodies preferably comprise supplementing 
the culture medium with dimethyl sulfoxide (DMSO), preferably 0.75 percent (v/v) 
dimethyl sulfoxide. As described in the Examples section which follows^ this can be 
5 used to inoiease the percentage of embryoid bodies with cells displaying cardiac 
lineage differentiation by about 20 %. 

As described in Bxan^le 1 of the Examples section hereinbelow it was 
uncovered by the present inventors that not all embryoid bodies cultured under 
conditions suitable for inducing cardiac lineage differentiation only contain cells 
10 displaying cardiac lineage differentiation. Thus, the method according to this aspect 
of the present invention preferably further comprises screening and identifying cells 
and tissues displaying cardiac lineage differentiation within the cultured embryoid 
bodies. 

According to the method of the present invention, screening is performed by a 

IS metiiod enabling detection of at least one characteristic associated with a cardiac 
phenotype» as described hereinbelow, for exansqple via detection of cardiac specific 
mechanical contraction, detection of cardiac specific structures, detection of cardiac 
specific proteins, detection of cardiac specific RNAs, detection of cardiac specific 
electrical activity, and detection of cardiac specific changes in tiie intracellular 

20 concentration of a physiological ioiL 

Preferably, screening the cells and tissues of the present invention comprises 
detection of mechanical contraction, Cardiac specific mechanical contraction can 
often be identified in outgrowths of embryoid bodies such as that highlighted in Figure 
Id of the Examples section below. 

25 Various techniques can be used to detect each of cardiac specific mechanical 

contraction, cardiac specific stnictures, cardiac specific proteins, cardiac specific 
RNAs, cardiac specific electrical activity, and cardiac specific changes in the 
intracellular concentration of a physiological ion. 

Detection of cardiac specific mechanical contraction is preferably effected 

30 visually using an optical microscope. Alternately, such detection can be effected and 
recorded using a microscope equipped with a suitable automated motion detection 
system using, for example, a photodiode, as described in Example 3, and as 
demonstrated in Figure 1 6h of the Examples section below. 
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Detection of cardiac specific structures is preferably performed via light 
microscopy, fluorescence afOnity labeling and fluorescence microscopy^ or electron 
microscopy^ depending on the type of structure whose detection is desired. Light 
microscopy can be used to detect various cardiac specific structures, such as 
S mononuclear C6II85 about 10-30 pm in diameter, with round or rod-shaped 
morphology characteristic of immatqie cardiomyocytes, as described in Example 1 of 
the Examples section which follows. For resolution of details, phase contrast 
microscopy may be employed, as described in the Examples section. 

To detect cardiac specific structures via electron microscopy, the transmission 

10 electron microscopy protocol described m detail in Example 1 of the following 
Examples section is prefbrably employed Alternately, numerous suitable protocols 
which are available in the literature can also be utilized. Electron microscopy can be 
used to detect various cardiac specific structures, such as sarcomeres, Z^bands, 
bodies, intercalated discs, gap Junctions, desmosomes, fibrillar bundles, fibrillar 

1 5 bundle striations, and my ocytic syncytia, as demonstrated in Figure 3 of the Examples 
section which follows* 

To detect cardiac specific structures via fluorescence afifmity labeling and 
fluorescence microscopy, such structures may be fluorescentiy labeled via a molecule, 
commonly an antibody, which specifically binds such a structure, and which is either 

20 directiy or indirecdy conjugated to a fluorophore. Automated quantitation of such 
structures can be performed using appropriate detection and computation systems, for 
exanq)le, as described and as demonstrated in the Examples section below. When 
using an antibody as an affinity labeling reagent, this technique may be referred to as 
immunocytochemistry or immunohistochemistty. Using the appropriate affinity 

25 labeling reagents and fluorophores, fluorescence affinity labeling and fluorescence 
microscopy can be used to detect various cardiac specific structures, including, but not 
limited to, sarcomeres, gap junctions, fibriUar bundles, fibrillar bundle striationSs and 
myocytic syncytia, as is described and illustrated in the Examples section which 
follows. 

30 Detection of cardiac specific proteins is preferably effected via fluorescence 

afSnity labeling and fluorescence microscopy, as described hereinabove for detection 
of a cardiac specific structure. Alternately, techniques such as Western 
immunoblotting or hybridization micro arrays (^^protein chips") may be employed. As 
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is illiutrated in the Examples section below, fluorescence a£Qnity labeling and 
fluorescence microscopy can be used to detect cardiac specific proteins, such as 
cardiac a-myosin heavy chain, cardiac p-myosln heavy chain, atrial natriuretic pqptide, 
cardiac troponin I, desmin and connexin"43. 
S Detection of cardiac specific RNAs is preferably effected using RT-PCR, for 

example using the protocol and primers described Example 1 of the Examples section 
below. Alternately, other commonly used medxoda, such as hybridization microarray 
C'RNA chip") or Northem blotting, may be employed RT-PCR can be used to detect 
cardiac specific RNAs encoding essentially any protein, including cardiac a^-myosin 
10 heavy chain, cardiac P-myosin heavy chain, a-actinin, cardiac troponin I, cardiac 
troponin T, GATA-4, Nkx2.5, MLC-2A, MLC.2V, atrial myosin light chain, 
ventricular myosin light chain, and connexin-43, as is demonstrated in Figure S of the 
Examples section. 

Detection of cardiac specific changes in the intracellular concentration of a 
15 physiological ion, such as calcium, is preferably effected using assays based on 
fluorescent ion binding dyes such as the fura-2 calcium binding dye (fbr example, 
refer to Brixius, K. et al., 1997. J Appl Physiol. 83:652), Such assays can be 
advantageously used to detect changes in the intracellular concentration of calcium 
ions, such as calcium transients, as is illustrated in Figures 6a-b of the Examples 
20 section below. 

Detection of cardiac specific electrical activity of the cells and tissues of the 

« 

present invention is preferably effected by monitoring the electrical activity thereof via 
a multieleotrode array. Suitable multielectrode arrays may be obtained firom Multi 
Channel Systems^ Reutiingen, Germany, and are preferably employed as described in 
25 the following Examples section. 

Preferably, the multielectrode array utilized by the present invention is a two-< 
dimentional orthogonal army which includes 60 or more electrodes positioned 100 ^m 
or less apart. 

Preferably, the multieleotrode array is configured to obtain data characterizing 
30 cardiac specific electrical activity with a fiequency greater than a range selected from 
1-25 kHz. 

To detect cardiac specific electrical activity in the cells and tissues of the 
present invention, tlie latter can be advantageously culturedi under conditions suitable 
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for inducing cardiac differentiation directly on a multielectrode array, thereby 
conveniently enabling xnonitoring the electrical activity such cells and tissues. 
Regions of embiyoid bodies displaying cardiac differentiation, preferably in the form 
of cardiac specific mechanical contraction, can be advantageously microdissected from 
S embryoid bodies and cultured on microelectrode arrays» as described in Example 1 of 
the Examples section, below. Such direct culturing on a multielectrode array 
advantageously enables flie monitoring of long-term electrical activity of the cells and 
tissues of 1ht present invention, as described in the Examples section which follows. 
Monitoring electrical activity in the cells and tissues of the present invention 

10 can be used to provide many different types of important and novel information 
regarding electrical activity of cells and tissues of the present invention. For example, 
such monitoring can be used to monitor electrical activity individually at each 
electrode, or more advantageously, such monitoring can be used to generate electrical 
activity propagation maps, also termed herein "activation maps'*, depicting electrical 

1 S activity as a function of local activation time at each electrode, for example in the fonn 
of a color-coded gradient. Such activation maps can be used to depict conduction 
velocity and conduction directionality of propagative electrical activity, preferably in 
the form of conduction velocity vectors, of electrical activity propagation over an area 
of the microelectrode array, as is illustrated, for example in Figure 9 of the following 

20 Examples section. 

According to a preferred embodiment of Hie present invention, the present 
method further comprises isolatiAg the cells and tissues of the present invention from 
embiyoid bodies. Such isolation is preferably performed by mechanical dissection of 
cells and tissues displaying the desired characteristic with a pulled-glass micropipettc 

25 or microscalpel^ as described in the Examples section which follows. Alternately, 
cells and tissues displaying a cell sur&ce molecule which can be specifically bound by 
a reagent may be isolated by fluorescence^ctivated cell sorting (FACS). 

Since the proliferative capacity of the cells and tissues of tlie present invention 
may be essential to a given use thereof, fbr exanrple, to repair cardiac tissue, or to test 

30 the effects of a treatment on growth, differentiation, or electric activity of cardiac cells 
and tissues, the method according to this aspect of the present invention may 
advantageously further comprise screening and optionally isolating cells and tissues 
substantially displaying proliferation. Determining the proliferative capacity of ceils 
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can be performed by nximerous standard techniques. Preferably, detennination of 
proliferation is effected via ^[HJ-thynudine uptake assay and autoradiographic 
detection of such uptake. Alternately, colorimetric assays employing metabolic dyes 
such as XTT» or direct cell counting may be employed to ascertain proliferative 

S capacity. In addition, as is shown in Figures 21a-d and in Example 4 of the ETcamples 
section which follows, the proliferation capacity can be evaluated via the expression of 
cell cycle maiicers such as Ki-67. 

Thus, the method of the present invention is unique over prior art metliods in 
that it enables generation of proliferating cells and tissues predominantly displaying 

10 characteristics associated with a cardiac phenotype by in-vitro culture of differentiable 
cells. Furthermore, since the method of the present invention can be used to generate 
such cells and tissues in-vitro^ the mediod of the present invention possesses the 
unique and extremely useful capacity to generate essentially unlimited numbers of 
such cells and tissues. 

15 As is illustrated in the Examples section which follows, the cells and tissues 

generated using the methodology of the present invention display characteristics 
associated with a cardiac phenotype including, but not limited to, cardiac specific 
mechanical contraction, cardiac specific structures, e^qiression of cardiac specific 
KNAs, expression of cardiac specific proteins, cardiac specific changes in the 

20 intracellular concentration of a physiological ion, and cardiac specific electrical 
activity, as further described heieinbelow. 

Preferably the cardiac phenotype is a cardiomyocytic phenotype. As evidenced 
by the characteristic spectrum of structures and Amotions displayed by the cells and 
tissues of the present invention described below and in the Exan^les section below, 

25 the cells and tissues of the present invention clearly display a highly functional, highly 
differentiated cardiomyocytic phenotype. 

Preferably, the cells and tissues of the present invention display cardiac 
specific mechanical contraction, more preferably in combination with at least some, 
and most preferably in combination witii at least all of the following characteristics 

30 associated with a cardiac phenotype: cardiac specific structures, expression of cardiac 
specific RNAs, expression of cardiac specific proteins, cardiac specific changes in the 
intracellular concentration of a physiological ion, and cardiac specific electrical 
activity. 
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The cells and tissues of the present invention display types of cardiac specific 
mechanical contraction including, but not limited to, spontaneous mechanical 
contraction, rhythmic moohanical contraction, synchronous mechanical contraction^ 

S As is shown in Figure 16h of the Examples section below, the cells and tissues 

of the present invention can be generated displaying spontaneous mechanical 
contraction and rhythmic mechanical contraction. As observed visually, as described 
in the Examples section below, and as can be deduced from Figure 9c of the following 
Examples section, the cells and tissues of the present invention can be generated 
10 displaying synchronized mechanical contraction and propagative mechanical 
contraction. 

The rhythmic mechanical connacdon of the cells and tissues of the present 
invention exhibit cardiac specific chronotrppic responses to pharmacological agents. 
Preferably, the cells and tissues of the present invention display chronotropic 

IS responses to catecholamines such as isoproterenol, catbamylcholine, adenylate cyclase 
activators such as forskolin, phosphodiesterase inhibitors such as IBMX, atropine, and 
diltiazem hydrochloride. As is shown in the Examples section which follows, the cells 
and tissues of the present invention display cardiac specific increases in mechanical 
contraction rhythm in response to forskolin,, the phosphodiesterase inhibitor IBMX, 

20 and isoproterenol, and cardiac specific, decreases in mechanical contraction rhythm in 
response to muscarinic antagonists such as carbamylcholine, and atropine mediated 
reversal of decreases in mechanical contraction rhythm in response to muscarinic 
antagonists such as carbamylcholine. 

The cells and tissues of the present invention fiirther display types of cardiac 

25 specific structures includix^, for example, sarcomeres, Z-bands, Z-bodies, intercalated 
discs, gap junctions, desmosomes, fibrillar bundles, fibrillar bundle striations, 
myocytic syncytia, and mononuclear cells, about 10^30 pm in diameter, with round or 
rod-shaped morphology characteristic of immature cardiomyocytes, as described in 
Example 1 of the Examples section which follows. 

30 The cells and tissues of the present invention lurtiiier display expression of 

cardiac specific RNAs encoding proteins such as, for example, cardiac a-myosin 
heavy chain, cardiac p-myosin heavy chain, a-actinin, cardiac troponin I, cardiac 
troponin T, GATA-4, Nkx2.5, MLC-2A, MLC-2V, atrial myosm light chain, 
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ventricular myosin light chain, and conn€Kin-43, as is demonstrated in Figure 5 of the 
Examples section. 

The cells and tissues of the present invention still further display cardiac 
specific proteins including, for exan^Jle, cardiac a- and P-myosm heavy chains, 
5 desmin, atrial natriuretic peptide, cardiac troponin I, and connexin'43, as is illustrated 
in Figures 4b, 4e, 4f, 8b and 20d, respectively, of the Examples section below. 

The cells and tissxies of the present invention additionally display types of 
cardiac specific electrical activity such as, for example, spontaneous electrical activity, 
rhythmic electrical activity, and synchronized/propagative electrical activity, as is 
10 demonstrated in Figures 9b, 6c, and 9o, respectively, of the following Examples 
section. 

The cells and tissues of &e present invention yet additionally display types of 
cardiac specific changes in the intracellular concentration of a physiological ion 
including, for example, cardiac specific changes in the intracellular concentration of 

15 Ca^*, for example in the form of calcium transients, as is illustrated in Figures 6a-b of 
the Exan:q>les section below. 

Thus, as is shown in tiie Examples section which follows, the cells and tissues 
of the present invention display cardiac specific mechanical contraction, cardiac 
specific structures, expression of cardiac specific RNAs, expression of cardiac specific 

20 proteins, cardiac specific changes in the intracellular concentration of a physiological 
ion, and/or cardiac specific electrical activity. The cells and tissues of the present 
invention ttierofore uniquely dicfplay a broad spectrum of human specific and cardiac 
specific structural and ftinctional characteristics relative to prior art cultured 
differentiable cell-derived cells and tissues. 

25 The propagatiye electrical activity of the cells and tissues of die present 

invention exhibit cardiac specific responses to pharmacological agents. Preferably, the 
cells and tissues of the present invention can display slowing of conduction in 
response to exposure to suitable concentrations of fiist sodium channel blockers, such 
as 1-heptanoI, tetrodotoxin (TTX), and to suitable increases in extracellular potassiimx 

30 ion, as is described in Example 2 of die Examples section which follows. 

As is described in Example 1 of the Examples section which follows, the cells 
and tissues of the present invention display characteristics associated with a cardiac 

« 

phenotype for at least 60 days. This extended period of time during which Ihe cells 
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and tissues of the present inveation display such characteristics represents a large 
improvement over that of cells and tissues generated via prior art methods which do 
not, for example, have the capacity to display highly functional mechanical contraction 
for extended periods of time. 

S The above described characteristics of ttie cells and tissues of the present 

invention imply that these cells and tissues have the capacity to flmctionally integrate 
with primary cardiac cells and tissues in-vitro and in-vivo, Prefisrably, such functional 
integration comprises formation of an integrated excitatory/excitable cardiomyocytic 
syncytium with primary cardiac cell and tissues. As is shown in Figures 15a and 19o- 
10 4 respectively, of the Examples section which follows, the cells and tissues of the 
present invention have the capacity to finm an integrated excitable/excitatory 
cardiomyocytio syncytium with primary ventricular cardiomyocytes in-vitro and with 
myocardium tn-yivo. 

The cells and tissues of the present invention also display substantial 
1 5 proliferative qualities. Preferably, such proliferation is characterized by a proliferation 
index of at least about 10 more preferably at least about 20 yet more preferably 
at least about 30 %, still more preferably at least about 40 %, yet still more pr^fembly 
about SO % and most preferably at least about 60 %. As shown in Example 4 of the 
following Exanq)le8 section, the cells and tissues of the present invention may display 
20 a proliferative index of about 60 %. 

Thus, the method of the present invention can be used to generate highly 
differentiated, highly functional, proliferating human cells and tissues displaying a 
broad range of cardiac functional and structural characteristics, which cells and tissues 
having a potent capacity of functionally integrating with primary cardiac tissues, such 
25 as myocardium, in-vivo. 

As such, tb€ isolated cells and tissues generated by tiie method of the present 
invention can be optimally employed, fbr example, in various therapeutic, 
pharmacological, analytic, and modeling applications discussed herein. 

Thus, according to another aspect of the present invention, there is provided a 
30 method of repairing cardiac tissue m a human subject. 

The method is preferably applied to repair cardiac tissue in a human subject 
having a cardiac disorder so a3 to thereby treat the disonler. The method can also be 
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applied to repair cardiac tissue susceptible to be associated with future onset or 
development of a cardiac disorder so as to ttiereby inhibit such onset or development 

The present invention can be advantageously used to treat disorders associated 
with, for example, necrotic, apoptotic, damaged, dysfunctional or morphologically 
5 abnormal myocardium. Such disorders include, but are not limited to, ischemic heart 
disease, cardiac infarction, rheumatic heart disease, endocarditis, autoimmune cardiac 
disease, valvular heart disease, congenital heart disorders, cardiac rhylhm disorders, 
impaired myocardial conductivity and cardiac insufficiency. Since the majority of 
cardiac diseases involve necrotic, apoptotic, damaged, dysfunctional or 
10 motphologically abnormal myocardium, and since the cells and tissues of tlie present 
invention display a highly differentiated, highly functional, and proliferating 
cardiomyocytic phenotype, the method of repairing cardiac tissue of the present 
invention can be used to treat the majority of instances of cardiac disorders. 

According to a preferred embodiment, the method according to this aspect of 
IS the present invention can be advantageously used to efficiently reverse, inhibit or 
prevent cardiac damage caused by ischemia resulting fix)m myocardial infarction. 

According to another embodiment, the method according to this aspect of the 
present invention can be used to treat cardiac disorders characterized by abnormal 
cardiac rhythm, such as, for example, cardiac arrhythmia. 
20 As used herein the phrase ''cardiac arrhythmia" refers to any variation from the 

normal rhythm of the heart beat, including, but not limited to, sinus arrhythmia, 
premature beat, heart block, atrial fawlllation, atrial flutter, pulsus altemans and 
paroxysmal tachycardia. 

According to another embodiment, the method according to this aspect of the 
25 present invention can be used to treat impaired cardiac function resulting from tissue 
loss or dysfunction that occur at critical sites in the electrical conduction system of the 
heart, that may lead to InefBcient rhythm initiation or impulse conduction resulting in 
abnormalities in heart rate. 

As described in the Examples section which follows, the cells and tissues of 
30 the present invention form excitable/excitatory cardiomyocytic syncytia with primary 
cardiac cells and tissues in-vitro and with myocardium in^vivo, and furthermot^ 
display pace-making capacity in the context of such syncytia. Thus, the cells and 
tissues of the preseiit invention can be used, for example, to provide pace-making 
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activity to unpaired myocardium and to treat an abnormal cardiac rhythm when 
administered to impaired cardiac tissue m-Wvo. 

The method according to this aspect of the present invention is e£fected by 
administering a therapeutically effective dose of the cells and/or tissues of the present 
5 invention to the heart of the subjecti preferably by injection into the heart of the 
subject. As used herein, a 1herapeutic£31y effective dose is an amount sufficient to 
effect a beneficial or desired clinical result, which dose could be administered in one 
or more administrations. Prefisrably, a single administration is employed. The 
injection can be administered into various regions of the heart, depending on the type 
10 of cardiac tissue repair required. Administration is preferably intramyocardial. 
Intramyocardial administration is particularly advantageous for repairing cardiac tissw 
in a subject having a cardiac disorder characterized by cardiac arrhythmia, impair^ . 
cardiac conducting tissue or myocardial ischemia. 

Such administration directly into cardiac tissue ensures that the administered 
1 5 cells/tissues will not bo lost due to the contracting movements of the heart. 

The cells and tissues of the present mvention can be administered via 
transendocardial or traxisepicardial injection, depending on the type of cardiac tissue 
repair being efi&ctedi and the physiological context in which the cardiac repair is 
effected. This allows the administered cells or tissues to penetrate the protective 
20 layers surrounding membrane of the myocardium. 

Preferably, a catheter-based approach is used to deliver a transendocaxdial 
injection. The use of a catheter precludes more invasive methods of delivery wherein 
the opening of the chest cavity would be necessitated. As one skilled in the art is 
aware, optimum time of recovery would be allowed by the more minimally invasive 
25 procedure, which as outlined here, includes a catheter approach. 

In Example 3 of the Examples section which follows, a dose of 2(M0 
contractmg embryoid bodies (each embryoid body containing approximately 20,000 
cells) was injected into cardiac tissue of in^aired hearts of pigs weighing twenty to 
thirty kilograms. Such a dose of injected cells restored cardiac functionality, by 
30 forming a functionally integrated excitable/excitatory cardiomyocytic syncytium and 
providing pacemaking activity thereto. Thus, the results presented herein clearly 
provide and approach for repairing cardiac tissue in a subject having a cardiac disorder 
associated with cardiac arrhythmia or ischemic myocardium. 
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Id addition, as is shown in Example 1 of the Examples section which follows, 
the positive and negative chronotropic responses to isoproterenol and carbamylchoUne 
demonstrate the presence of functional adrenergic and cholinergic receptors, 
respectively, in the pacemaker oella/tiBSue of the present invention. 
5 Thus, the cultured cardiomyocytes of the present invention can be utilized to 

regulate the contraction rate of a heart in response to physiological or metabolic state 
of the recipient individual, thereby serving as a biological pacemaker. 

A biological pacemaker is superior to all prior art synthetic pacemakers, since 
cells of a biological pacemaker can respond to both metabolic and physiological 

10 changes in Ihe body much in the same way as a natural pacemaker. 

In the case of repairing cardiac tissue in a subject having a cardiac disorder 
characterized by cardiac arrhythmia, electrophysiological mapping of the heart and/or 
inactivation of cardiac tissue by Tadiofiequency treatment may be advantageously 
performed in combination with administration of the cells and tissues of the present 

15 invention if needed As described m detail in Example 3 of the Examples section, the 
cells and tissues of the present invention can be used to confer pace-making activity to 
myocardium inactivated by radio&equency tteatment. 

To repair cardiac tissue damaged by ischemia, for example due to a cardiac 
infarct, the cells and tissues of the present invention are preferably administered to the 

20 border area of the in&rct As one skilled in the art would be aware, the in&roted area 
is grossly visible^ allowing such specific localization of application of therapeutic cells 
to be possible. The precise detezmination and timing of an efTective dose in this 
particular case may depend, for exanq)le, on the size of an in&rct, and the time elapsed 
following onset of myocardial ischemia. 

25 Preferably, administration of the cells/tissues of the present invention for repair 

of damaged myocardium is effected following sufficient reduction of inflammation of 
affected cardiac tissues and prior to formation of excessive scar tissue. 

As mentioned hereinabove, the present invention can be used to generate 
cardiomyocytic cells and tissues displaying a desired proliferative capacity, thus cells 

30 and tissues are preferably selected displaying a suitable proliferative capacity for 
administration, depending on the type of cardiac tissue repah* being effected. 
Administration of highly prolifferativ cells may be particularly advantageous for 
reversing myocardial damage resulting from ischemia since, as previously described, it 
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is the essential inability of nonnal adult cardioniyocytes to proliferate which causes 
the irreversibility of ischemia induced myocardial damage. 

Since porcine models are widely considered to be excellent models for human 
therapeutic protocols and since such models have been widely employed and 
5 characterized, it is well withm the grasp of the ordinarily skilled artisaxi to determine a 
therapeutically effective dose for a human based on the guidance provided herein, and 
on that provided by the extensive literature of the art. 

Preferably, determination of an effective dose can fiarther be based on factors 
individual to each subject, including, fbr example, weight, age, physiological status, 

10 medical history, and parameters related to the cardiac disorder, such as, for example, 
infarct size and elapsed time following, onset of ischemia. One skilled in the art, 
specifically a cardiologist, would be able to deteimine the number of the cells and 
tissues of the present invention that would constitute an effective dose, and the optimal 
mode of administration thereof without imdue experimentation. 

15 It will be recogm2ed by the skilled practitioner that when administering non- 

syngeneic cells or tissues to a subject, there is routinely immune rejection of such cells 
or tissues by the subject. Thus, the method of the present invention preferably further 
conq)rises treating the subject with an immunosuppressive regimen, preferably prior to 
such administration, so as to inhibit such rejection. Immunosuppressive protocols for 

20 inhibiting allogeneic graft rejection, for example via administration of cyclosporin A, 
immunosuppressive antibodies, and the like are widespread and standard practice in 
the clinic. 

The treatment method of this aspect of the present invention can be effected by 
administering the cells and tissues of the present invention as isolated cells or tissues 
25 or as an engineered cardiomyocytic tissue having a therapeutically useful two or three^ 
dimensional form, 

Engineered cardiomyocytic tissues can be generated via standard tissue 
engineering techniques, for example by seeding a tissue engineering scaffold having 
the designed form with the cells and tissues of the present invention and culturing the 
30 seeded scaffold xmder conditions enabling colonization of the scaffold by the seeded 
cells and tissues, thereby enabling the generation of the formed cardiac tissue. The 
formed tissue is then administered to the cardiac tissue of the recipient, for example 
using standard surgical implantation techniques. Suitable scaffolds may be generated. 
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for example, using biocompatible, biodegradable polymer fibers or fowns, 
con^rising extracellular matrix congronents, such as, laminins, collagen, fibronectin, 
etc. Detailed guidelines for generating or obtaining suitable scaffolds, culturing such 
scaffolds and therapeutically inq)lanting such scaffolds are available in &e literature of 
5 the art (for example, refer to Kim SS. and Vacanti JP., 1999. Semin Pediair Surg. 
8:119; U.S. Pat. No. 6387369 to Osiris Therapeojtics, Inc.; U.S. Pat. App. No. 
US20020094573A1 to BeU E.). 

Thus, the method of repairing cardiac tissues of the present invention, by virtue 
of its uniqueness in utilizing in-vitro culture of human diffetentiable cells to generate 
10 essentially unlimited numbers of highly differentiated, highly functional and 
proliferating cardiomyocytic cells and tissues is far superior to all prior art methods. 

According to yet anotiier aspect of the present invention, there is provided a 
method of characterizing biological states and biological processes of cardiac cells and 
cardiac tissues. 

IS As used herein, "characterizing" a state or process refers to generating data or 

obtaining information defining or describing such a state or process, 

Since the cells and tissues of the present invention display an exceptionally 
broad spectrum of human and cardiac specific characteristics, and since the present 
invention can be used to generate essentially unlimited quantities of such cells and 

20 tissues, such cells and tissues can be used to accurately model in-vitro and in-^vivo a 
very broad range of cardiac specific biological states and processes. Furthermore, 
since the method of the present invention can be used to generate cells and tissues 
displaying high cardiac functionality for at least up to 60 days in culture, the present 
invention can advantageously be employed to characterize cardiac specific biological 

25 states and processes over extended periods of time. Thus, the method of the present 
invention can uniquely be used to characterize substantially long-term processes such 
aa, for example, human cardiac physiology and human cardiac development For 
example, as is shown in Figure 4 of the Bxanq)les section below^ the method can be 
used to characterize the long-term development of cardiac cells dnd tissues in-vitro. 

30 As described in detail hereinabove and in the Examples section heieinbelow, 

tiie method can be used to characterize biological states and processes corresponding 
to all of the characteristics associated with a cardiac phenotype displayed by the cells 
and tissues of the present invention described hereinabove, such as cardiac specific 



I 
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mechanical contraction, cardiac q>ecific structures, expression of cardiac specific 
RNAs, e?q3ression of cardiac specific proteinSi cardiac specific changes in the 
intracellular concentration of a physiological ion, cardiomyogenesis and most 
preferably cardiac specific electrical activity. 
5 As used herein, the word "cardiomyogenesis" refers to any process of growth 

and/or differentiation of cardiac cells or tissues. 

By virtue of enabling characterization of gene transcription in the cells and 
tissues of the present invention, the method according to this aspect of the pi^ent 
invention can be advantageously used to obtain comprehensive profiles of cardiac 
10 specific gene expression, such as for e7Uax^}le gene expression profiles related to 
cardiomyocytic growth and differentiation, or gene expression profiles i^lated to a 
characteristic associated with a cardiac phenotype, as described hereinabove. 

Thus, the method according to this aspect of the present invention can be 
advantageously employed to identify novel cardiac specific genes, such as novel 
IS cardiac specific genes related to growth and differentiation of cardiac cells and tissues, 
or novel cardiac specific genes associated with a characteristic associated with a 
cardiac phenotype, as described hereinabove. 

Due to the proliferative capacity of the cells and tissues of the present 
invention, the method according to this aspect of liie present invention may be 
20 advantageously employed to characterize biological states and processes related to 
growth and dififerentiation of cardiac cells, 

The method of characterizing biological states and processes is preferably 
effected by generating the cells and tissues of tiie present invention, essentially as 
described hereinabove and in the Examples section below, and obtaining data 
25 characterizing selected biological states or biological processes in such cells and 
tissues. Obtaining such data is effected essentially as described hereinabove for 
screening characteristics associated with a cardiac phenotype in such cells and tissues. 

As described hereinabove and in the Examples section below, the cardiac cells 
and tissues of the present invention possess the capacity to fimctionally integrate with 
30 primary cardiac cells and tissues in-vitro or with printiaiy cardiac tissue in-vivo. Thus^ 
the method according to this aspect of the present invention can further comprise co* 
culturing the cells or tissues of the present invention with primary cardiac cells or 
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primary cardiac tissue prior to obtaixung data characterizing a biological states or 
process of such cells and tissues, as described in the Examples section which follows. 

As is illustrated in Figure ISb and described in the Examples section below, 
biological states and processes characterized by cardiac specific chronotropic 
5 responses can be induced in integrated myocytic syncytia comprising the cells and 
tissues of the present invention and primary cardiomyocytes. 

Alternately, the method may include transplanting the cells or tissues of the 
present invention into cardiac tissue of a recipient prior to obtaining data 
characterizing a biological state or process of such cells and tissues. Preferably the 
10 recipient is a swine. Such co-culturing or transplanting can be used to characterize 
biological states and processes of cardiac cells and tissues to which the cells and 
tissues of the present invention have been applied. This type of characterization 
provides important infonnation, for example, for optimizing and testing strategies for 
then?)eutic transplantation of cardiac cells and tissues. As is shown in Example 3 of 
IS the Examples section which follows* transplantation can be used to characterize 
development of the cardiac rhythm of the cells and tissues of the present invention in 
an in-vivo transplantation context. 

« 

The method according to this aspect of the present invention may fiirther 
conq>rise a step of inducing such biological states and processes in the cells and tissues 

20 of the present invention prior to obtaining data characterizing a biological state or 
process. As described in the Bxanq)les section and hereinabove, the cells and tissues 
of the present invention display various cardiac specific biological states or processes 
in response to pharmacological and electrical treatments. Preferably, the method is 
used to induce abnottnal states and processes in the cells and tissues of the present 

25 invention, thereby enabling characterization of cardiac disorders associated with such 
abnormal states. As described m detail hereinabove and the following Examples 
section, various treatments can be used to induce cardiac specific chronotropic 
responses or cardiac specific changes in conduction of propagative electrical activity. 
For example, as is demonstrated in Example 2 of the following Examples section, 

30 increasing extracellulat potassium concentration or treatment with tetrodotoxin or 1- 
heptanol can be used to induce slowing of propagative electrical activity conduction in 
the cells and tissues of the present invention. 
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Alternately, the cells and tissues of the present invention can be screened for 
cells and tissues displaying selected bid gical states and/or piocesses such as 
abnoimal biological states and processes. As is illustrated in Figure 10b of the 
Examples section below» slow conduction of propagatiye electrical activity can be 
5 observed in embryoid bodies screened for ihe presence of foci of the cells and tissues 
of the present invention comprising two regions connected by a narrow strand of such 
cells and tissues, which narrow strand exhibiting ttie slowing of conduction. 

Thus* the method according to this aspect of the present invention can be 
advantageously used to model various cardiac biological states and processes, 

10 including abnormal cardiac biological states and processes. Such modeling can be 
usedi for example, for optimizing and testing strategies for therapy of cardiac 
disorders. As previously described hereinabove and in the Exanq)les section below, 
atropine treatment can be shown to lead to the expected cardiac specific revei^al of 
carbamylcholine induced negative chronotropic responses in the cells and tissues of 

15 the present inventioxL 

Inducing of biological states and processes is preferably effected by treating 
the cells or tissues of the, present invention with a treatment such as a treatment with a 
drug, a treatment with a physiological ion, and an electrical treatment Alternately, 
inducing of biological states and processes may be effected by subjecting the cells and 

20 tissues to biomechanical stress treatment or to treatment with a growth or 
differentiation factor. Biomechanical stress treatment can be used, for example, to 
model various aspects of high blood pressure. 

Preferably, the drug is selected from the group consisting of 1-heptanol, 
isoproterenol, carbamylcholine, forskolin, IBMX, atropine, tetrodotoxin, and diltiazem 

25 hydrochloride. As described hereinabove and in tiie following Examples section, these 
drugs can be used to induce selected biological states and processes, such as positive 
and negative chronotropic responses, and slowing of propagative electrical activity 
conduction in the cells and tissues of the present invention, 

Pt«ferably, the physiological ion is selected fix)m the group consisting of a 

30 potassium ion, a sodium ion, and a calcium ion. Treatment with a physiological ion 
can be used, for example, to induce slowing of electrical activity conduction in the 
cells and tissues of the present invention. As' is described and shown in the Examples 
section vAdch follows, elevation of extracellular potassium can be used to induce slow 
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conduction of propagative electrical activity, a clinically relevant cardiac 
abnormality, in the cells and tissues of the present invention. 

Thus» according to yet an additional aspect of the present invention, there is 
provided a method of qualifying the effect of a treatment on a biological state or a 
5 biological process of cardiac cells or cardiac tissue. Qualifying die effect of a 
treatment on a biological state or a biological process of the cells and tissues of the 
present invention, for example an abnormal biological state or process thereof, can be 
used to identify and optimize treatments capable of restoring the normal biological 
state or process, and hence can be used to identify and optimize treatments suitable for 

10 treating cardiac disorders. Furthermore, qualifying the effect of a treatment on a 
biological state or a biological process of cardiac ceUs or tissues can be used to assess 
the toxicity of such a treatment on such a biological state or process. Since the method 
can be used to characterize fhe effect of a treatment on cardiomyogenesis, according to 
one embodiment the metiiod can be used to assess the embryotoxicity of a treatment, 

15 in particular a treatment with a compound. Thus, failure to generate a characteristic 
associated with a cardiac phenotype, preferably cardiac specific mechanical 
contraction, in the cells and tissues of the present invention in response to treatment 
with a compound can be used to qualify the embryotoxicity, such as the cardiac 
specific or systemic embryotoxicity, of such a compound. 

20 The method of qualifying the effect of a treatment on a biological state or a 

biological process of cardiac cells or tissue is effected by generating the cells or tissues 
of the present invention, as described hereinabove and in the Examples section below, 
subjecting the cells or tissues of the present invention to the treatment, and monitoring 
the biological state or process in such cells and tissues. 

25 When qualifying the effect of a treatment in cells and tissues of the present 

invention oo-cultured with primary cardiac cells or primary cardiac tissue, the 
treatment can be effected prior to or following such co-cultuxing or transplanting^ 
allowing die determination of the effects of the treatment in these separate contexts. 
Thus, this aspect of the present invention can be preferably utilized to 

30 determine the therapeutic and toxic effects of various treatments, such as drug 

treatments, and electrical treatments, on abnormal biological states and processes of 

< 

cardiac cells and tissues, such as pathogenic biological states or processes of cardiac 
cells or tissues. 



20. JAN. 2004 17:41 GE EHRLICH(1995) LTD 97236127575 NO. 661 P. 12 



47 

Hence the method of the present mvention can be used to screen and/or test 
cardiac drugs. 

This aspect of the present invention can be utilized to obtain gene expression 
profiles and changes thereof in caidiomyocytic cells and tissues subjected to a 
S treatment Thus, the method according to this aspect of flie present invention can be 
used to determine, for exanq)le, gene expression pattern changes in response to a 
treatment. 

According to yet this aspect of the present invention, qualifying the effect of a 
treatment can be effected by following the effect of the treatment on electric 
1 0 conduction and electric activity in the cells of tissues of the present invention. 

Pre&rably, the treatment to which the cells or tissues of the present invention 
are subjected is an e>q)osure to a confound or an electrical treatment. Preferably fte 
compound is a drug, or a phj^iological ion. Alternately the compound can be a 
growth fector or differentiation factor, such as, for example, vascular endothehal 
15 growtti fector (VEGF). 

Since drags used for treating various diseases including cardiac diseases can 
unexpectedly result in desired or undesired blockage of ionic channels in heart tissue, 
they may ultimately lead to modification of the myocardial electrophysiological 
substrate and to the development of lethal arrhythmias, a property termed 

20 proarrhythmia. Hence, it is highly desirable to have a method which is enable of 
predicting such side effects on cardiac tissue prior to administering the drug. 

Thus, according to another embodiment of the present invention, the 
cardiomyocyte multieleotrode array used by the present invention can also be used to 
screen drug effects on electrical conduction and/or activity in cardiac cells and/or 

25 tissues. 

Bxposure to a compound is preferably effected as previously described in detail 
heremabove and in the Examples section which follows, for example as described for 
compounds inducing chronotropic responses or changes in propagatlve electrical 
activity conduction. 

30 Exposure to an electrical treatment is preferably effected by applying an 

electrical source to the cells and tissues of the present invention, fbr example via an 
electrode of a multielectrode array, as shown in Example 3 of the Examples section, or 
via any of the numerous suitable methods described in the literature of the art. 
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Subjecting the cells and tissues to a biomechanical stress treatment may be 
effected via any of numerous techniques known in the art. For example, 
biomechanical stress may be applied to the cells and tissues of the present invention 
using glass micropipettes controlled, for exan^le» by a micromanipulating device. 
S Preferably, monitoring biological states and processes in the cells and tissues 

of the present invention following treatment thereof is preferably effected as 
extensively detailed hereinabove and in the Examples section which follows. 

As used herein the term "about" refers to ± 10 %. 

10 Additional objects, advantages, and novel features of the present invention will 

become apparent to one ordinarily skilled in the art upon examination of the following 
exampiesi which are not intended to be limiting. Additionally, each of the various 
embodiments and aspects of the present invention as delineated hereinabove and as 
claimed in the claims section below finds e?qp6rimental support in the following 

IS examples. 

EXAMPLES 

Reference is now made to the following examples, which together with the 
above descriptions, illustrate the invention in a non limiting fitshion. 

20 Generally, the nomenclature used herein and the laboratory procedures utilized 

in the present inv^tion include molecular, biochemical, microbiological and 
recombinant DNA techniques. Such techniques are thoroughly explained in the 
literature. See, for example, "Molecular Cloning: A laboratory Manual" Sambrook et 
al, (1989); "Current Protocols in Molecular Biology'' Volumes t-m Ausubel, R, M., 

25 ed. (1994); Ausubel et al, "Current Protocols in Molecular Biology", John WUey and 
Sons, Baltimore, Maryland (1989); Perbal, "A Practical Guide to Molecular Cloning", 
John Wiley & Sons, New York (1988); Watson et al, '•Recombinant DNA", Scientific 
American Books, New York; Birren et al. (eds) "Oenonie Analysis: A Laboratory 
Manual Series", Vols. M, Cold Spring Harbor Laboratory Press, New York (199S); 

30 methodologies as set fbrtb in U.S. Pat. Nos, 4, 666, 828; 4. 683, 202; 4, 801, 531; S, 
192, 659 and 5, 272. 057; "Cell Biology: A Uboratory Handbook", Volumes I-HI 
Cellis, J. E.. ed. (1994); "Current Protocols in Immunology" Volumes I-HI Coligan J. 
E., ed. (1994); Stites et al. (eds), "Basic and Clinical Immunology" (8* Edition), 
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Appleton & Lange, Noiwalk, CT (1994); Mishell and Shiigi (eds), "Selected 
Methods in Cellular Immunology", W. H. Freeman and Co.. New York (1980); 
available immunoafisays are extensively described in the patent and scientific 
literature, see, for example, U.S. Pat Nos. 3, 791, 932; 3, 839, 153; 3, 850, 752; 3, 

5 850. 578; 3, 853, 987; 3, 867, 517; 3, 879, 262; 3. 901, 654; 3, 935. 074; 3, 984, 533; 
3, 996, 345; 4. 034, 074; 4. 098, 876; 4, 879. 219; 5, Oil. 771 and 5, 281, 521; 
"Oligonucleotide Synthesis" Gait, M. J., ed. (1984); "Nucleic Acid Hybridization" 
Hames, B. D.. and Higgins S. J., eds. (1985); "Transcription and Translation" Hames, 
B. D., and Higgins S. J., eds. (1984); "Animal CeU Culture" Freshney, R. I., ed. 

10 (1986); "Immobilized Cells and Bn2ymes" tRL Press, (1986); "A Practical Guide to 
Molecular Cloning" Perbal, B., (1984) and "Methods in En^ology" Vol. 1-317, 
Academic Press; "PCR Protocols: A Guide To Methods And ^plications'*, Academic 
Press, San Diego, CA (1990); Marshak et al., "Strategies fbr Protein Purification and 
Characterization - A Laboratory Course Manual" CSHL Press (1996); all of which are 

15 incoiporated by reference as if fully set forth herein. Other g^eral references are 
provided throughout this document The procedures therein are believed to be well 
known in the art and are provided for the convenience of the reader. All the 
in&rmation contained therein is incorporated herein by reference. 

20 JSX4MPIE 1 

GENEtUTlON OF HIGHLY DIFFERENTIATED, HIGHLr FUNCTIONAL 
CAMDIOMYOCYnC CELLS VIA TN-VfTRO CULTURE OF HUMAN 

EMBRYONIC STEM CELLS 
Despite decades of intensive research, heart &ilure remains the primary cause 
25 of death and» to date, there do not exist satis&ctory methods of generating 
cardiomyocytic cells which could be used therapeutically or as a satis£actoxy in-yitro 
model of cardiac development and functioti. Thus, in order to fidfill this critical need^ 
the present inventors have generated for the first time in-mtro functional embtyonic 
stem cell-derived cardiomyocytic cells, as follows. 
30 Materials and Methods: 

Generaiion of human embryonic stem ceW4erived cardiomyotytic cells: Ten 
different himian embryonic stem cell lines including line H9 or its single cell clonal 
derivative H9.2 (Amit, M. et al, 2000. Dev. Biol. 227: 271) were individually grown 
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on a mitotically inactivated (mitomycin C) mouse embryonic fibroblast feeder cell 
layer in culture medium, as previously described (Thomson, J.A. et al, 1998. Science 
282; 1 145). The culture medium consisted of 80 % knockout DMEM (no-pyruvate, 
high^glucose formulation; Life Technologies, Inc.. Rockville, Maryland, USA.) 
5 supplemented with 20 % FBS (HyClone, Logan, Utah, USA.), 1 mM L-glutamine, 0. 1 
mM mercaptoethanol, and 1 % nonessential amino acid stock (all fcota GIBCO-BRL). 

To induce differentiation, embryonic stem cells were dispersed into small 
clumps (3-20 cells) using collagenase IV (Life Technologies, Inc., 1 mg/ml for 20 
minutes). Dispersion of embryonic stem cells usmg trypsin, as is routinely used to 

10 generate cardiomyocytic cells from murine embiyonic stem cells, was found to be 
highly damaging, leading, for example, to a high incidence of abnormal karyotypes. 

The cells were then transferred to plastic Petri dishes (Miniplast, Bin Shemer, 
Israel), at a cell density of about S x 10^ ceils in a 58 mm dish, where they were 
cultured under nonadherent conditions for 7-10 days. During this stage the cells 

IS aggregated to form embryoid bodies, which were tiien plated on 0. 1 % gelatin-coated 
culture dishes and observed microscopically for the appearance of spontaneous 
contractions. The different stages in generation of embiyonic stem cell-derived 
cardiomyocytic cells arc summarized in Figure la. 

In order to assess the e£Scacy of the oardiomyocyte differentiation system, a 

20 total of 1,884 embiyoid bodies were plated on gelatin-coated dishes and monitored 
microscopically daily for the presence of contractions for up to 30 days postplating. 
The percentage of embryoid bodies displaying contracting areas, as well as the 
distribution of the tiniii^ of onset of spontaneous beating were evaluated. In a 
preliminary study, it was noted thsrt varying embryonic stem cell density input in the 

25 suspension phase, while modifying the number of embryoid bodies produced, did not 
affect the percentage of beating embiyoid bodies. Similarly, screening of two 
different lots of serum also did not modify the cardiomyocytic cell yield significantly. 
In addition, the effect of DMSO, a known stimulant of differentiation into 
cardiomyocytic lineage was assessed by adding dimethyl sulfoxide (Sigma Chemical 

30 Co., St. Louis, Missouri, USA.) at a concentration of 0.75 % (voVvol) to the culture 
medium during the 10 days of growth m suspension. The percentage of contracting 
embryoid bodies as well as the timing of onset of spontaneous contractions were 
examined microscopically. 
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Immunostaining: Contracting areas were mechanically dissected using a 
pulled-glass micropipette and enzymatically dispersed using ttypsin-EDTA (0.5 % 
trypsin, 0.53 mM EDTA; Life Technologies, Inc.) for 15 minutes at 37 °C, The 
dispersed cells were plated on laminin^oated glass coverslips, incubated for 48 h, 
S fixed in 4 % paraformaldehyde with sucrose, and permeated using 0.5 % lYiton X-100 
(Sigma), The fixed and permeated cells were blocked with 10 % BSA and incubated 
with primary antibody overnight at 4 ^C. Labeling with primary antibody was 
performed using mAbs specific for myosin cardiac heavy chain ot/p at a dilution of 
1:50, mAbs specific for cardiac muscle troponin I at a dilution of 1:5000, mAbs 

10 specific for desmin at a dilution of 1:100, and polyclonal antibody specific for atrial 
natriuretic peptide at a dilution of 1:250 (all fiom CHEMICON International, Inc., 
Temecula, California, USA). Staining of sarcomeric a-actinin and nebulin was 
performed using anti sarcomeric a-actinin mAbs at a dilution of 1 ;800 and anti nebulin 
mAbs at a dilution of 1:200 (both from Sigma)> respectively. Following three washes 

15 with PBS, primary antibody stained cells were incubated with: FITC-conjugated 
donkey anti mouse IgO absorbed against human tissue for cardiac myosin heavy chain, 
desmin, and troponin I staining; or rhodamine-coiyugated anti rabbit IgG for a-actinin, 
atrial natriuretic peptide* and nebulin staining (both from CHEMICON International) 
at a dilution of 1:100 for 1 h at room temperature. Immunostained preparations were 

20 examined by fluorescence microscopy. Dispersed cells isolated from noncontracting 
embryoid bodies served as controls. 

RT'PCR: Total RNA &om undifferentiated embryonic stem cells and 
contracting embryoid bodies was extracted using TRI reagent kit (Sigma), according 
to the manufacturer's instructions. Con:q)lementary DNA (cDNA) was synthesized 

25 from 1 fig total RNA using St^erScript II revei^e transcriptase (Life Technologies, 
Inc.) and used as template for PGR amplifications with primers selective for human 
cardiac genes. The PCR primers and the reaction conditions used are listed in Table 1. 
The PGR products were size fractionated by 2 % agarose gel electrophoresis. 

Transmission eleciron microscopy: For transmission electron microscopy, the 

30 spontaneously contracting areas were mechanically dissected, fixed in 3 % 
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, at 4 ^C for 24 h, postfixed in I % 
OSO4 in the same buffer for 1 h, dehydrated in graded ethanols, and embedded in Bpon 



20.JRN.E004 17:44 

■t 



GE EM^ICH(1995) LTD 97236127575 



NO. 661 P. 17 



32 

812. Thin sections (250-300 nm) were used for ultrastnictutal evaluation using a 
XBOL 100 SX transmission electron microscope (Peabody, Massachusetts, USA.) 
operating at 80 kV. 



S Table 1. PCR primers employed 



Gene 


Primer pain 


ReaeHon 
conditions 


1 


% 








OAACCAGAOOQOAQAGACAGAG (SEQ ID NO; 1) 
CCCTCAGCTTGCTTTTTAQGAa (SBO ID ^IO:2^ 


35 


61 


1 


406 




ACAOAQTTTATTGAGOTGOOCC (SBQ IDN0;3) 
AAGGTGAAOTQTCCGAGAGO (SBO ID N0:4) 


35 


61 


1 


381 


MHC-2V 


TATTGGAACATOGCCTCTGGAT (SBQ K) N0:5) 
QOTGCTGAAOGCTQATTACGTT fSBO ID N0:6) 


35 


61 


I 




QATA-4 


AOACATCGCACrOACraAGAAC (SBQ ID N0:7) 
OACGGGTCACTATCTOTGCAAC (SBO © N0:8) 


30 


60 


1 


475 


a.-MHC 


GTCATTGCTOAAACCGAQAATG (SEQ E) N0:9) 
OCAAAOTACTQOATQACACGCT (SBQ ID NO:10^ 


40 


61 


2 


413 


0ct4 


0 AGAACAATGAGAACCTTCAOGAOA (SEQ ID NO: U) 
TTCTOOCOCOGGTTACAOAACCA* (SBO ID NO: 12) 


35 


55 


1.5 


219 




CriTJAAGCCAGAGOCCTACQ (SEQ ID NO: 13) 
COGCCTCraTCTTCTTCAOC^ (SBO ID NO; 14) 


35 


55 


1.5 


233 


cTnT 


GOCAGCGGAAGAGOATaCTQAA (SEQ ID N0:15) 
OAQGCACCAAGTTOGGCATGAACOAf (SEO ID NO: 16) 


35 


60 


1.5 


150 


dTnl 


OXTQCACCAGCCCCAATCAGA (SBQ ID NO: 17) 
CQAAGCCCAOCCCOOTCAACT* (SBO ID NO; IS) 


35 


60 


1.5 


250 


OAPDH 


AGCCACATCGCTCAGACAOC (SEQ ID NO: 19) 
GTACTCAGCOGCCAGCATCGI (SBO m N0;20) 


25 


61 


1.5 


302 



hANP - human atrial natriuretic peptide, MHC - myoflin heavy chain, Oct-4 - octamer-binding protein-4; * (Abdol- 
R«hmwi, B.et oL, 1995. Hum. Rcprod, 10;2787-2792); + (Shlqjima et al„ 1996. Cire, Res, 791920-929); ^ (Ricchiuti V, ami 
Apple S., 1999. Cim. Cfaem. 45;2129-2I35); 1 (ItStovit^Eldor et al., 2000. Mol, Med. 6:88-95); Ta - anflcaling 
tompotature 



MulUelectrode am^ (MBA) extracellular electrophysiology mapping and 
pharmacological studies: Intact contracting areas within the embryoid bodies were 
mechanically dissected using a pulled*glass micropipette and plated on gelatin-coated 

10 multielectrode arrays (Multi Channel Systems MCS GmbH, Reutlingen, Oeimany; 
Igeknund, P. et al., 1999. Pflugers Arch. 437: 669). The mxcroelectrode array consists 
of 60 titanium nitride electrodes with gold contacts 30 in diameter with an 
interelectrode distance of 100-200 |m The contracting areas were plated on top of 
the microelectrode arrays and cells were grown to confluence over the electrodes. In 

IS some embryoid bodies with relatively small contracting areas, the contracting area did 
not cover all electrodes, and hence recordings were performed from fewer than 60 
electrodes. Extracellular signals were recorded simultaneously from all 60 electrodes 
at 25 kHz and band-pass filtered firom 1 to 3000 Hz. Recordings wecc performed in 
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culture medium at 37 ^C. A pH of 7,4 .was maintdined using perfusion with an 
atmosphere containing 5 % CO2 and 95 % air. Chronotropic responses were assessed 
by extracellular recordings for 10 minutes prior to and following rqilacement of the 
culture medium with culture media containing 1 |jM isoproterenoli 1 
5 carbamylcholine, 10 |iM 3-l8obutyl-l-metlLybcanthine (IBMX), or 1 forskolin (all 
from Sigma), 

Measurement of tntracettular calcium ([Ci^Jd transients: The embryoid 
bodies were loaded with fUra-2-AM (Molecular Probes, Eugene, Oregon, USA.) for 25 
minutes at room tempOTture (24-25 °C) at a final concentration of 5 nM, in a 1:1 
10 mixture of Tyrode's solution. The dye loaded embryoid bodies were then transferred 

« 

to a nonfluorescent chamber mounted on the stage of an inverted microscope (Diaphot 
300, Nikon, Tokyo, Japan), The chamber was perfused with Tyrode's solution at a 
rate of 1 ml/minute and the temperature in ihe chamber was maintained at 37 ^C. 
Fura-2 fluorescence was measured using a dual-wavelength system (Deltascan, Photon 

1 S Technology International [PTQ, New Jersey, USA) as previously described (Felzen, B. 
et d,, 1998. Circ. Res. 82: 438). Briefly, two different wavelengths (340 and 380 nm) 
were used for excitation, and the emitted fluorescence (510 nm) was collected and 
detected by a photomultiplier tube (710 PMT, photomultiplier detection system; PTI), 
Raw data were stored for off-line analysis using the FeliX software (PTI) as 340 nm 

20 and 380 nm counts and as ttie ratio R =^ F340/F380. The Savitzky-Oolay smoothing 
algorithm was used to reduce noise level 

Statistical analysis: Data are expressed as mean ± standard deviation. In order 
to assess possible chronotropic effects, the average spontaneous beating rate was 
compared prior to and following drug application using two^tailed paired Student's t 

25 test. P values less than 0.05 were considered significant 

Experimental Masults: 

Human embryonic stem ceU^erived caniiomyotytic cells form spontaneously 
contracting areas: 

Typical examples of embryonic stem cell colonies grown on top of the mouse 
30 embryonic fibroblast feeder layer, the formation of embryoid bodies during the 
suspension phase, and an embryoid body containing a contracting area following 
plating axe shown in Figures Ib-d, respectively. Out of the ten different embryonic 
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Stem cell lines subjected to the culturing protocol described above in the Materials 
and Methods section, only embryoid bodies derived fiom line H9.2 displayed a 
significant incidence of cardiomyocytic di£ferentiation. Thiis^ all results presented 
herein were generated using cell line H9.2. 
5 Embryoid bodies were found to develop riiythmically contracting areas 

between 4 and 22 days postplating, as shown in Figure 2 which illustrates the 
cumulative percentage of embryoid bodies containing contracting areas as a function 
of days ppstplating. Such contracting areas ^ared in 153 (8.1 %) of the 1,884 
embryoid bodies studied. Iii contrast, die incidence of spontaneous contraction 

10 observed in embryoid bodies derived the H9.2 parental line H9 was about 0.1 %. The 
onset of contractions peaked between 6 and 1 1 days postplating, when contracting 
areas appeared in 4.9 % of the embryoid bodies. The contracting areas usually 
appeared in the outgrowth of the embryoid bodies, displayed diameters ranging 
between 0.2 and 2 mm, and continued to beat vigorously for up to 60 days, the longest 

15 period studied. The presence of DMSO at a concentration of 0,75 % increased the 
percentage of embryoid bodies demonstrating contracting areas to 10, 1 %. 

Human embryonic stem celMerived cardiomyocytic celts form organized 
sarcomeric structures, Z'-bands, intercalated discs, gap Junctions and desmosomes: 
Light microscopy revealed that the contracting areas were composed mainly of 

20 relatively small mononuclear cells, 10-30 ^m in diameter, with round or rod-shaped 
morphology. Transmission electron microscopy of these cells revealed mononuclear 
cells displaying parallel arrays of myofibrillar bundles oriented in an irregular manner 
in some cells (Figure 3a), while a more mature sarcomerii:^ organization was apparent 
in others (Figures 3, b and c). The degree of myofibrillar organization varied within 

25 different areas of the same cell, among different cells in the same embryoid body, and 
among different embryoid bodies. Nevertheless^ in general, a shift from an immature 
phenotype manifested by disorganized myofibrillar stacks in early stage embryoid 
bodies (Figure 3a) to a more organized sarcomeric structure in later stage embryoid 
bodies (Figures 3b-e) was noted In some foci, the formation of early and more 

30 developed Z bands could be observed (Figures 3b-c), The intercalated disc, another 
cellular structure that characteristically appears during in-ydyo cardiomyocyte 
differentiation, was observed in many of the differentiating embiyoid bodies. 
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Litercalated discs composed of gap junctions and desmosomes were observed to 
connect adjacent cells (Figures 3d-6). 

Display of JUrillar bundle striation and ej^ression of cardiac muscle 
specific, but not skeletal musde specific proteins, by cultured human embryonic 
5 stem cell-derived cardiomyocytle cells: Using inununocytochemistry, the presence of 
cardiac-specific proteins and their spatial organization were studied in dispersed cells 
fonning contracting embryoid bodies. Figure 4a shows positive immunostaining of 
dispersed myocytes with anti cardiac a/p-myosin heavy chain mAbs. Varying 
degrees of myofibrillar organization were noted among the cells. The staining patterns 

10 ranged from cytoplasmic clamps in some cells to nonparallel bundles of elongated 
fibrillar structures in others. Some of these bundles displayed an early striated pattern 
(Figure 4b), The contracting myocytes also stained positively with anti a-actinin 
mAbs (Figure 4c), anti cTnl mAbs (Figure 4d)5 and anti desmm mAbs (Figure 4e), 
with diflferent cells demonstrating varying degrees of sarcomeric organization, In 

IS addition, the speckled perinuclear staining by anti atrial natriuretic peptide (Figure 4f) 
suggested the presence of cytoplasmic atrial natriuretic peptide granules. In contrast to 
the positive staining with cardiac-specific proteins, cells from the contracting areas did 
not demonstrate nebulin immunoreactivity^ confimiing the cardiomyocytle, rather than 
skeletal, nature of the cells (Begum, S. et al, 1998. Cell Tissue Res. 293; 305). 

20 In order to determine the percentage of cardiomyocytic cells in the contracting 

areas, the regions exhibiting spontaneous contracting activity were microdissccted, 
enzymatically dispersed, and plated at low density to allow identification of individual 
ceils by hnmunocytochemistry. Using anti cTnl mAbs, the percentage of positively 
stamed cells was found to be 29.4 %. 

23 Cultured human embryonic stem celMeriyed cardiomyocytic celts exhibit 

e^qpression of cardiac specific genes: The oqiression of several cardiac^specific genes 

■ 

was assessed in the cultured human embryonic stem cell-derived cardiomyocytic cells 
and in undifferentiated human embryouic stem cells using RT-PCR. As shown in 
Figure 5, myocytes from contracting embryoid bodies expressed the cardiac 
30 transcription factors GATA-^ and Nkx2.5 as well as the cardiac>sp6Cific genes cTnl, 
cardiac troponin T (cTnl), atrial myosin light chain (MLC-2A), ventricular myosin 

* 

light chain (MLC-2V), and o^myosin heavy chain. 0ATA'<4 and MLC-2A expression 
was also noted in the undifferaitiated onbiyonio stem cells, but was markedly 
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increased in tbe contracting embryoid bodies, Octamer-bindlng protein 4, a marker 
of undifferentiated cells, was expressed in the embryonic stem cells. This expression 
significantly declined in the contracting embryoid bodies. The housekeeping gene 
GAPDH served as an internal control. 
5 Display of synchronous contractions and cardiac ^ecific intracellular 

calcium transients by cultured human embryonic stem celUdertved cardiomyocytic 

* 

cells: IntraceUular calcium transients ([Ca^*]0 were measured fcom spontaneously 
contracting embryoid bodies using fura-2 (n = 7). Figure 6a displays a typical 
recording with an initial rise in systolic [Ca^i and a slower decay. The time to peak 

10 systolic [Ca^^i averaged 130 ± 27 milliseconds, the time to half-peak relaxation was 
143 ± 94 milliseconds, and total transient length was 465 ± 180 milliseconds. In all 
cases, the [Ca^*]i signals were synchronous with the contraction rate observed 
microscopically. Figure 6b depicts a continuous recording. 

Human embryonic stem ceO^erived cardiomyocytic cells exhibit 

15 cardiomyocyte specific extracellular eleetrophysiology and chronotropic responses 
to pharmacological agents: Bxtiacellular recordings from the contracting areas 
displayed electrograms consisting of a sharp component with a peak-to-peak 
amplitude of 630 ± 33 ^iV lasting 30 ± 25 miiUseconds, followed by a slow component 
of 347 ± 120 milliseconds, representing the depolarization and repolarization 

20 processes, respectively (Figure 6c), The average spontaneous beating rate was 94 ± 33 
beats/minute (n » 8) and was stable (mean fipequency standard deviation of 1,55 
beats/minute) during a recording period of 20 minutes in all embryoid bodies studied. 

Positive and negative chronotropic responses were observed following 
administration of the P'^agonist isoproterenol and the muscarinic agonist 

25 carbamylcholine, respectively. Isoproterenol at lO'^ M significantly increased 
spontaneous contmction rate to 146 ± 43 % of its baseline value (n - S; P < 0.01). 
Similarly, the direct adenylate cyclase activator forskolin and the phosphodiesterase 
inhibitor IBMX increased spontaneous contraction rate to 1 82 ± 48 % (n 6; P < 0.01) 
and 1 52 ± 77 % (n ^ 6; P < 0.05) of its initial value. In contrast, the muscarinic 

30 agonist carbamylcholine at 10"^ M decreased the rate to 78 ± 20 % of its initial value 
(n - 6; P < 0.05). The latter effect was reversed by application of the muscarinic 
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antagonist atropine. All the above responses were prompt, occuiring within 90 
seconds of drug application. 

Analysis: The present invention provides a novel and rq)roducible system in 
which human embryonic stem cells differentiate into cardiomyocytic cells and tissue. 
5 These results demonstrate ^t the spontaneously contracting tissue within the 
developing embryoid bodies contain cardiomyocytic cells portraying structural and 
functional properties consistent with early stage cardiac tissue. 

Several lines of evidence confinn the oardiomyocytic nature of these 
embryonic stem cell-derived cells. Ultrastructural analysis showed that these cells 
10 were mainly mononuclear and round or rod-shaped, contained different degrees of 
myofibrillar bundle organization, and exhibited nascent intercalated discs* These 
myofibrillar structures stained positively with anti human cardiac myosin heavy chain, 
anti a^actinin, anti desmin, and anti cTnl mAbs. The cells, however, did not exhibit 
immunoreactivity with mti nebulin mAbs, a specific skeletal muscle sarcomeric 
IS protein shown to be expressed early in skeletal myoblast differentiation (Begum, S. et 
ah, 1998. Cell Tissue Res. 293:305). 

These results are consistent, with ultrastructural properties of early stage 
cardiomyocytes and with the developmental process of myofibrillar assembly. 
Previous studies demonstrated that during inMvo cardiomyogenesis, myofibrils are 
20 initially distributed in sparse, irregular myofibrillar arrays, which gradually mature 
into parallel arrays of myofibrils and ultimately align into densely packed sarcomeres 
(Manasek, F.J., 1970. Am. J. Cardiol. 25:149, 22). 

Embiyonic stem cell-derived cardiomyocytic cells have previously been foimd 
to express a number of critical cardiomyocyte-^specific genes, including those encoding 
25 the transcription fectors GATA-4 and Nkx2.5 (Stainier DYR., 2001. Nat Rev Gen. 
2:39). In addition to these, the genes for the cardiac specific proteins atrial natriuretic 
peptide, cTnl, cTnT, MLC-2A, MLC-2V, and ctrinyosin heavy chain were also found 
to be expressed in the embryonic stem cell-derived cardiomyocytic cells of the present 
invention. The presence of both MLC-2A and MLC-2V may suggest the presence of a 
30 number of cardiomyocytic cell types within the contracting areas. 

The extracellular recordings, the [Ca^'^t transients, and the pharmacological 
studies clearly demonstrated that tilxe contracting areas within the embiyoid bodies 
displayed physiological properties consistent with cardiomyocytic tissue and 
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significantly diffeied from noncardiac (skeletal or smooth) muscle. All con^onents 
of normal cardiac excitation-contraction coupling were demonstrated within this 
tissue, namely electrical activation, increase in [Ca^'^i and the resulting contraction. 

Little is known about calcium handling in the normal developing human heart. 
S Intracellular calcium transients in adult human atrial tissue, studied using fura-2 
(Brixius, K. et al, 1997. J Appl Physiol. 83:652), were similar to the ones recorded in 
the present study with respect to total duration of the [Ca^'^i transient and to time of 
half-peak calcium relaxation. However, the time to peak transient in the embryoid 
bodies (130 ± 27 ms) vms longer then the one obtained in human atrial myocytes (S2.S 

10 ;i; 3.1 ms). This difference may have been the result of a number of causes. In the 
murine embryonic stem cell model, the contracting areas within embryoid bodies were 
shown to be a mixture of atrial, ventricular, and sinus nodal cells (Maltsev, VA. Et a/,, 
1993. Mech Dev. 44:41). Since different cardiomyocyte types display different 
calcium characteristics (Kolossov B. et a/., 1998. J Cell Biol. 143:2045), it is possible 

IS that the [Ca^'^j transients measured in whole beating embryoid bodies, described in the 
present invention, represent a superposition of a mixed population of myocytes with 
fast and slow cell characteristics. Alternatively, the lower mte in [Ca^"^! elevation may 
reflect the suboptimal efficiency and immaturity of the calcium machinery in early 
developing cardiac cells. 

20 The extracellular recordings demonstrated a sharp and a slow con[^>onent, 

consistent with Hxe relatively long action potential duration characteristic of 
cardiomyocytes^ The positive and negative chronotropic responses to isoproterenol 
and carbamylcholine demonstrated the presence of functional adrenergic and 
cholinergic receptors, respectively, in pacemaker cells. A major pathway of the ^ 

25 adrenoreceptor-dependent chronotropic response is the activation of adenylate cyclase 
and the consequent rise in cytosolic cAMP and stimulation of protein kinase. The 
positive chronotropic effect exerted by fbrskolin, a direct activator of adenylate 
cyclase, and by IBMX, a phosphodiesterase inhibitor, suggests &at this signaling 
pathway is already present early in human cardiomyocytic difiTerentiation. 

30 There are numerous differences between human and mouse developing 

cardiomyocytes. In the normal embryo, heart formation begins with the initiation of 
difierentiation by myocardial and endocardial precursors and leads up to the formation 
of the cardiac valves. These events cover the first 12 days in the life of a mouse 
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embiyo and the first 35 days in the life of a human embryo (Stainier, DYR., 2001. 
Nat Rev Gen. 2:39). It is not surprisix^^ therefore, that differentiation of human 
embryonic stem cells into cardiomyocytes proceeds at a slower rate than in mouse 
embiyonic stem cells. In mouse models, embryonic stem cells are cultivated in 
S hanging drops for 2 days, and ftjrther cultivated as embryoid bodies in suspension for 
5 days. Spontaneously contFacting areas £^ear 1 day postplating, and within 2-10 
days 80-90 % of embryoid bodies reveal pulsating areas (Wobus, A.M. et al, 1991. 
Differentiation 48:173). In the human embryonic stem cell differentiation system 
described herein, cells were grown in suspension for 10 days^ and spontaneous 

10 contractions did not commence before day 4 postplating^ with the median value being 
1 1 days. Furthermore, only 8. 1 % of embryoid bodies revealed pulsating areas. These 
variations may represent differences between the species, differences between the cell 
lineSp or some yet undetermined factor required in the in-vitro differentiation of human 
embryonic stem cells. Several &ctors that may be optimized in the future in order to 

15 increase cardiomyocytic cell yield include different serum content, length of 
suspension period, the use of growth factors, or the use of supporting stroma. 

Morphologically, in-vitro differentiation of human and mouse embryonic stem 
cells appears to follow parallel pathways. The assembly of the Z-line from 
periodically aligned Z-bodies and the transition from disorganized myofibrils to the 

20 more organized sarcomeric pattern described here have also been noted in the mouse 
model (Hescheler J. et al^ 1997. Cardiovasc Res. 36:149). In the two models, 
different degrees of myofibrillar assembly coexist within adjacent cardiomyocytic 
cells in the same embryoid body and within the same cell. Nevertheless, in the human 
model idtrastructural maturation proceeded much more slowly, seemed more 

25 heterogeneous, and did not reach the fUlly mature adult phenotype during the 
observation period , 

Conclusion: These results therefore indicate that the present invention 
provides for the first tune a method of generating unlimited numbers of human 
cardiomyocytic cells, including developing cardiomyocytic cells. The cardiomyocytic 

30 cells of the present invention display a broad range of cardiac tissue specific structural 
and functional characteristics, including: rhythmic synchronous contraction; formation 
of sarcomeres, Z-bands, intercalated discs, gap junctions, desmosomes and fibrillar 
bundles; expression of numerous cardi myocyte specific, but not skeletal myocyte 
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specific niRNAs and proteins; and cardiomyocyte specific electrophysiology, 
including cardiac specific chronotropic responses to phanuacological agents. 
Furthermore, the cardiomyocytic cells and tissues of the present invention display a 
sustained cardiomyocytic phenotype for at least 60 days in-vitro. Thus» the 
S caidiomyocytic cells of the present invention are optimal, for exan^le, for 
pharmacological and toxicological testings fimctional genomics^ early 
cardiomyogenesiSs cell therapy, and tissue engineering. As such, the method of the 
present mvention represents a dtamadc and quantum inqurovement over all prior art 
methods of providing human cardiomyocytic cells. 

10 

EXAMPLE 2 

GENERATION OF HIQHLY DIFFERENTIATED, HIGHLY FUNCTIONAL 
HUMAN CASDIOMYOCYTIC TISSUE VIA IN-VtmO CULTURE OF HUMAN 

EMBRYONIC STEM CELLS 

IS The ability to generate human cardiac tissue in-vitro would be of enormous 

benefit for Aerapy of heart diseases, for testing the therapeutic and toxic effects of 
pharmacological and electrical treatments of human cardiac tissue, and for modeling 
aspects of the biology of human cardiac tissue, such as cardiac tissue development and 
cardiac tissue physiology. However, no prior art methods of generating human cardiac 

20 tissue in-vitro exist. Thus, in order to fulfill these important needs the present 
inventors have generated, for the first time, hi^y differentiated, highly functional 

♦ 

human cardiomyocytic tissues by in^yttro culture of human embryonic stem cells, as 
follows. 

Materials and Methods: 

25 Generation of human embryonic stem celMerived cardiomyocytic cells and 

tissues: Perfbrmed essentially as described in Example 1, ^hereinabove, for generation 
of human embryonic stem celMeriyed cardiomyocytic cells. For generation of 
cardiomyocytio tissue, embiyoid bodies were isolated at a stage of 24 ± 9 days 
postplating (range, 12-S4 days). 

30 Immunohistochemistry and confocal microscopy: Bmbryoid bodies were 

fixed in 4 % paraformaldehyde and then blocked with PBS containing 1 % Triton 
XAOO and 2 % normal goat serum for 15 minutes at room temperature. 
Immunostaining was performed using anti cardiac troponin I antibody (anti cTnl) at a 
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dilution of 1:5000 and anti connexin-43 antibody (anti Cx43) at a dilution of 1:100 in 
the blocking buffer for 24 hours at 4 °C» Preparations were then incubated with FITC- 
conjugated anti mouse and rhodamine-conjugated anti rabbit antibody at a dilution of 
1:100 for 1 hour at room temperature (all antibodies from Chemicon, Teniccula» CA). 
S Confocal microscopy was performed using a Nikon Eclipse E600 microscope and Bio- 
Rad Radiance 2000 scanning system. These preparations were also used for 
moxphometric studies in which the length, width, and length/width ratio of individual 
cultured human embryonic stem cell-dfirived cardiomyocytic cells were analyzed, 

Quantitative analysis of the inmiunoreactive signal by confocal microscopy 

10 was perfonned as previously described (SafGtz JB. et al,^ 2000. Am J Physiol Heart 
Circ Physiol. 278:H1662; Thomas SP. et ai., 2000. Circ Res. 87:467; Zhuang J. et aL, 
2000. Circ Res. 87:316) with some modifications. Briefly, 3-S high-power fields in 
each embryoid body studied were examined by fluorescence microscopy at a 
magnification of x60. Each test area, analyzed digitally, consisted of a matrix of 512 

IS X S12 pixels. The immunoreactive signal for anti Cx43 was concentrated as discrete 
spots of high-^tntensity signal along the cell membrane, allowing automatic detection 
of gap junctions by use of an arbitrary threshold value. The proportion of total cell 
area occupied by the Cx43 immunoreactive signal was defined as the percentage of 
high-intensity signal pixels divided by the total number of pixels in the field. The total 

20 number and average size of gap junction, identified as two or more contiguous high^ 
intensity pixels (> 0.32 |4m^), were also analyzed from the immunostained specimens. 
MuMetectrode am^ mapping technique: Extracellular electrophysiological 

■ 

recordings from the embryoid bodies were performed on a PC-based multielectrode 
array data acquisition system (Multi Channel Systems, Reutlingen, Oerniany). The 

25 microelectrode array consisted of a 50 x SO mm glass substrate, in the center of which 
was an embedded 1.4 x 1.4 mm noiatrix of 60 titanium nitride-gold contact (30 |im) 
electrodes witb an interelectrode distance of 100 or 200 ym (Figure 7). This system 
allowed simultaneous recording of extracellular potentials from all electrodes for 
prolonged periods. Data were recorded at 10 kHz. During the recording sessions, the 

30 microelectrode array was constantly perfused with a gas mixture consisting of 5 % 
CO2 and 95 % air. Temperature was kept at 37.0 ± 0.1 
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Local activation time (LAT) at each elediode was detexmined, as previously 
described (Spach MS, & Dolber PC. 1986. Qrc Res, 58:356), by the timing of the 
maximal negative intrinsic deflection (dV/dtaun) of the electrogram recorded at each 
electrode. The measured LATs at all electrodes were then used for the generation of 
5 color-coded activation maps by interpolating the local activation time values between 
the electrodes using the standard two dimensional plotting function of MATLAB 
software (MATLAB 5.3,0, The MathWorks, Natick, MA). 

Local conduction velocity vector fields were estimated as previously described 
(Bayly PV. et aL, 1998. IEEE Trans Biomed Eng. 45:563), with some modifications. 

10 Briefly, each electrode was denoted by spatial and ten^oral (LAT) coordinates Zi = [x, 
y, t]^. Each sample pomt Zi and its neighbors in each direction within a spatial 
window of AXmaxi Ayniflxi temporal window of At^ax were fitted using a least-square 
algorithm to a second-degree polynomial sur&ce. The fitting spatial window size was 
chosen to be five times interelectiode distance, and the temporal window was five 

1 5 times the total activation time. The velocity vectors of each point on the wave front, v 
- [dx/dt, dy/dtf, were derived fit>m the fitted surface. Calculations and plotting were 
performed using MATLAB. 

Pharmacological analysis of conduction: Following baseline recording, 20 |il 
of stock solution of the test drug were added to the 2 ml of culture medium in the 

20 microelectrode array and stiiied gently. The pharmacological agents used included 
telrodotoxin (TTX; Alomone Labs, Jerusalem, Israel) at a final concentration of 10 
nM, and diltiazem hydrochloride (1 (iM, Sigma Chemical Co., St. Louis, MO). 
Extracellular recordings were performed for 30 seconds, at baseline and 5 minutes 
following drug application. 1-Heptanol (at 0.3, 0,6, and 1 mM; Sigma) was dissolved 

25 in the medium by vigorous shaking, and extracellular recordings were performed 
immediately prior to and 30 minutes following ttie application of the drug. 

The effects of these drugs on conduction were evaluated by examining possible 
changes in the culture* s global velocity (measured as the distance between earliest and 
latest activation divided by the total microelectrode array activation tune), in the mean 

30 magnitude of the local velocity vector, and in the maximal absolute value of the first 
time derivative of the extracellular signal 

In order to study the effects of elevated extracellular potassium concentration 
on conduction properties, a baseline recording was performed in a modified Tyrode's 
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solution (140 mM KaCl, 5.4 mM KCl, 10 mM glucose, 1 rxM MgCli, 2inM 
pyruvate, 2 mM CaCU. and 10 mM HBPES, titrated to pH 7.4 with NaOH). 
Extracellular recordings were then performed for 30 seconds, at baseline and 5 
minutes after the solution was changed to three balanced high-concentration potassium 
S solutions (10, IS, and 20 mM KCl), 

Statistical Anafysis; Values are mean ± standard deviation. Changes in mean 
conduction velocity, local velocity vectors, and maximal absolute value of the first 
time derivative during elevation of the extracellular potassium were evaluated using 
Friedman's repeated measure ANOVA; comparisons with control were performed 
10 using Dunnett's method Changes during tetrodotoxin, diltiazem, and 1-heptanol 
treatments were assessed using Wilcoxon signed rank test* DifiBerences with a P value 
of < O.OS were considered statistically significant. 
Experimental Results: 

Spontaneously contracting fod express cardiac troponin I and display gap 
IS junctions: Spontaneously contracting human embiyonic stem cell-derived 
cardiomyocytic foci were identified in the outgrowth of the embryoid bodies. The 
diameter of these contracting foci varied between 0.3 and 2 mm and their thickness 
was 0.04 to 0.1 mm (4 to 10 cell layers). The contracting areas were mechanically 
dissected and assessed morphologically. Immunostaiiung with anti^cardiac troponin I 
20 (cTnl) antibody (Figure 8a) demonstrated the presence of an isotropic tissue consisting 
of early-stage cardiomyocytic cells. In some of the embryoid bodies, more than one 
contracting area could be noted, usually connected through a narrow strand of 
cardiomyocytic tissue. The cardiomyocytic cells within the contracting areas were 
relatively smaU; mononuclear, round, triangular, or rod-shaped; and arranged in 
2S various orientations. The cells displayed variable degrees of sarcomeric organization, 
ranging ISrom a relatively homogenous cytoplasmic staining to a more developed early- 
striated pattern. Average cell length and width were 44.2 ± 10,9 and 16.0 ± 4.6 pm, 

respectively, with a mean length/width ratio of 2.9 ± 0.9 (n ^ 67). Noncardiomyocytes 
were also identified in the contracting areas (Figure 8a) mainly at the periphery and 
30 accounted for 41 ± 6 % of all cells. 

The presence of gap junctions between the cells was demonstrated by the 
positive punctate staining with anti conn6xin-43 (Cx43) and conn6xin-4S (Cx4S) 
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antibodies (Figures 8b^d). la contrast, connexm-40 (Cx40) was not identified in the 
cardiomyocytes and w^s seen, rarely, only in noiunyocytes. Based on Cx43 
immunostaining, the average gap jimction size was 0.S8 ± 0.08 |im^. The number of 
gap junctions per 100 |im^ tissue area was 0.45 ±0.18 and the proportion of tissue area 
S occupied by high intensity inununoreactive signal was 0.27 ± 0.13 %. By using the 
Cx4S immunosignal» the same parameters were 0.57 ±0.12 |Im^ 0.88 ± 0.33 and 0.48 
± 0.13 %, respectively. Double staining experiments demonstrated that most of the 
Cx43 and Cx4S immunosignals were colocalized to the exact same spots (same gap 
junctions). 

10 Thus, these results demonstrate that ES cell-Klerived cai^diomyocytes form 

relatively small gap junctions which are distributed homogeneously along the cell 
circumference with no preferential polar orientation. In addition, although Cx45 is 
ahnost absent in adult ventricular myocardium the positive immunostaining of Cx45 in 
this model is in line with the prior art data suggesting that Cx45 plays a xoB^ot role in 

15 early cardiac embryonic development (Alcolea, S.» et al., 1999» Circ. Res. 84: 136S-< 
1379). 

High^r^oludon activation mapping of contracttte cardtomyoeyttc foci: 
Spontaneously contracting areas of cardiomyocytic syncytia were mechanically 
dissected and cultured on microelectrode array plates (Figure 9a). This allowed long* 

20 term, high-resolution extracellular eleotrophysiologicai recordiogs from all 60 
electrodes (Figure 9b). The signals were characterized by a sharp component, a return 
to baseline, and a slow component resembling the T wave. 

The detailed activation maps constructed using these recordings demonstrated 
the development of a functional syncytium with synchronized action potential 

25 propagation. Figure 9c presents a typical activation map> with the propagation wave 
proceeding from the lower left comer to the top ri^t comer of the microelectrode 
array and with a total activation time of 13 milliseconds. ImpxUse propagation can also 
be appreciated in the superimposed conduction velocity vectorial map. 

Interestingly, both pacemaker position and conduction properties within each 

30 embryoid body were relatively reproducible during both short-term and long-term 
recordings. Thus, the average standard deviation of pacemaker position (identified by 
the site of earliest activation) was 103 ± 100 during relatively short-term (3-hour) 
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recordings and was also relatively stable (264 ± 146 \m) during long-term recording 
(an average recording period of 9,5 ± 5.4 days). Similarly, the average deviation in 
total activation time, global velocity (measured as the distance between earliest and 
latest activation divided by total activation time), and the mean magnitude of the local 

5 velocity vector were 8 ± 3, 8 ±. 5, and 6 ± 3 %» respectively, during the short-term 
recordings and 18 ± 13, 20 ± 8, 21 ± 14 %^ respectively^ during long-term recordings. 

In contrast with the relatively reproducible measurements within each 
embryoid body, the conduction properties observed in different embryoid bodies were 
more heterogeneous. In general, two conduction ^es were noted. In the first type (n 

10 - 6), a single, relatively broad area of cardiomyocytic tissue was present, resulting in 
relatively fast conduction (Figure 9c) throughout the measured area. This is also 
evident in the activation time histogram (Figure 9d), which demonstrates a single 
cluster of continuous activation times from early to late LATs. Total activation time in 
these embryoid bodies averaged 10.3 ± 3,8 milliseconds, and the average magnitude of 

IS the local conduction velocity vector was 14.2 ± 9.5 cm/second, 

The second type of conduction was observed in embryoid bodies, in which a 
relatively narrow strand of conducting tissue Interconnected two or more contracting 
areas. A typical example is shown in the micrograph in Figure 10a, where the 
cardiomyocytic tissue is identified by immunostaining with anti cTnl antibody. The 

20 corresponding activation m^ recorded from this embryoid body is shown in Figure 
10b. Note the presence of relatively &st activation within the two contracting areas 
(with very early or very late activation times), with significant time delay between 
ihem due to the narrow slow^conducting coimecting strand. This can also be 
appreciated in the activation time histogram^ which demonstrates the presence of very 

25 early or very late activated electrodes and paucity of electrodes with intermediate local 
activation time values (Figure 10c). This type of conduction pattem resulted in 
significant longer activation times (30,6 ± 18.9 milliseconds [n - 6]) than in the first 
group (P < 0,05) and in a lower omgnitude of the average conduction velocity vector 
(4.4 ± 2.9 cm/second). Nevertheless, fietst conduction was still present in the broader 

30 partsof these embryoid bodies. 

PharmacohgicaUy induced slowing of conduction in human embryonic stem 
ceU'derhed cardiomyocytic cells: The suitability of the cardiomyocyte 
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electrophysiology model of the present invention for the study of slow conduction 
was assessed. It is well established that the three main mechanisms involved in 
conduction slowing are reduced excitability, reduced cell-to^cell coupling, and 
abnormalities in tissue architecture. Hence, by using different pharmacological 
5 strategies, slowing of conduction via each of these mechanisms was demonstrated, as 
follows. 

Elevation of Hxq extracellular potassium concentration was found to result in 
slowing of conduction^ as manifested by an increase in total activation times from a 
baseline value of 2S milliseconds (in 5.3 mM potassium; Figure 11a) to values of 40, 

10 70, and 120 milliseconds at extiacellular potassium concentrations of 10^ 15» and 20 
mM, respectively (Figures llb^d, respectively). Slowing of conduction during 
elevation of the extracellular potassium concentration was evident in all embryoid 
bodies studied (n ^ 7; Table 2) by the significant decrease in global conduction 
velocity (P < 0*01), in the mean magnitude of the local velocity vector (P < 0.01), and 

15 in the maximal absolute value of the first time derivative of the extracellular signal (- 
dV/dt„«bP<0.01). 

Activation maps of the same embryoid bodyi during baseline and following 
application of 10 \M of the ikst sodium channel blocker tetrodotoxin (TTX) (Figures 
12a-b, respectively) demonstrate slowing of conduction, as evidenced by the increase 

20 in fhe total microelectrode array activation time from a baseline value of 15 
milliseconds to a value of 35 milliseconds. Blockade of the fast sodium channel 
resulted in slowing of conduction in all embryoid bodies, as manifested by the 
significant changes in all the electrophysiological parameters (n « 6; Table 2) that 
were assessed. In contrast to these results, blockade of the L-type calcium channel by 

25 diltiazem (1 \M) did not result in significant changes in any of the parameters studied 
(n= 6; Table 2). 



TahU 1 Pharmacohgicaliy induced changes in conduction properties 



Treatment 


Glob<fl Vehciify 
fcm/iee) 


Mean CV Vector 
(em/see) 


Maximal -dv/dt 
(mV/sec) 


Potassium - 5.4 mM 


2.1 ± UO 


4.1 ±4,1 


3.1 ± 6.4 


Potassium - 10 mM 




3.5 ±4.2 


2.7 ±5.5 


Potassium - 15 mM 


1.0 ±0.3^ 


2.0 ± 2,3^ 


1.1 ±1.4 


Potassimn-20mM 




1.5 ±1^ 


l.I±L2^ 


TTXr Baseline 


3.2 ± 2.7 


5.1 ±6 


Zl±2 
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TTX-lOjiM 


L8±0.9' 


3.2 ±3^ 


1,9 ± 1,9^ 


Diltisusem- Baseline 


18 ±1.9 


6.0 ± 8.2 


2 J ± 2.6 


Diltiazem *- 1 uM 


2.8 ±2.0 


5.7 ±4.2 


2.5 ± 4.2 


Heptanol - Baseline 


2.1 ±0,9 


4.3 ± 5.3 


2.8 ±3.1 


Heptanol - 0.3 tnM 


1.7 ±0.6' 


3,0 ±5.7^ 


2.0 ± 2.3^ 


Heptanol - 0.6 wM 


1.2 ±0.9 


3.0 ±3.8^ 


2.1 ±3,0^ 


Heptanol- 1 mM 


No conduction 


No conduction 


No conduction 



^ P < 0.05 or ^ p < 0.01 when oon^ared to baseline recordings. 



Reduction of cell-to-coU coupling also resulted in slowing of conduction. 
Activation maps of the same embryoid body» during baseline and following 
application of 0.3 mM of l^beptanol (Figures 13a-b, respectively) demonstrate an 
5 increase in total activation time from a baseline value of IS milliseconds to a value of 
32 milliseconds. The slowing of conduction by 0,3 mM of 1 ^heptanol was noted in all 
embryoid bodies studied (n » 7; Table 2). Higher doses of 1-heptanol (0.6 and 1 mM) 

■ 

resulted in complete cessation of beating (n = 8). Tn four of the embryoid bodies, 
conduction was still maintained at 0.6 mM, but was significantly slower. 

10 In a few preparations^ the presence of strands of noncontracting tissue 

interspersed within the beating tissue were noted. These structural inhomogeneities 
resulted in the appearance of relatively slow conduction. One example can be seen in 
Figures 14a-b in which the presence of a noncontracting tissue resulted in alteration of 
the propagation pathway. The resulting activation wavefront curvature was associated 

15 with slowing of conduction, as can be appreciated by the long activation time (70 
milliseconds) in this example. 
Analysis: 

Structural properties: The human embryonic stem ceU>derived cardiomyocyte 
syncytia of the present invention were composed of one or a number of contracting 

20 foci connected by narrow strands, resulting in an inhomogeneous three dimensional 
aggregate of cardiomyocytic cells. AVhUe dififerent from the two dimensional- 
patterned monolayers of neonatal tat and mouse caitliomyocytes used in other models, 
the pattern observed in this study was similar to the one described in the murine 
embryonic stem cell-derived cardiomyocytic model (Igehnund et al^ 1999. Flugers 

25 Arch. 437:669). The cardiomyocytic cells within the embiyoid bodies varied in size 
and shape and were composed of relatively small, early-stage cardiomyocytic cells 
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oriented in various directions. Again, this pattern was diflbrent from the above- 
mentioned patterned monolayers and from the adult himian heart. 

This pattern of gap junction distribution was similar to the one observed by 
(Peters NS. et al,, 1994. Circulation 90:713) in human fbtal and neonatal tissue, in 
S which gap junctions and fascia adherens junctions in in&ntile ventricular tissue were 
distributed as small punctate spots of Cx43 and N-^cadherin immunoreactive signals 
along the entire surfeoe of the cells. The pattern of gap junction number, size, and 
distribution is an important determinant of conduction and has been shown to change 
in several physiological and pathological conditions (Saffitz J£. ei al, 2000. Am J 
10 Physiol Heart Circ Physiol, 278:H1662; Kanno S, and Saffitz JE, 2001. Cardiovasc 

r 

Pathol. 10:169; Peters NS. et al., 1997. Circulation 95:988; Peters NS, and Wit AL. 

1998. Circulation 97:1746; Saffitz JE. et al., 2000. Circ Res. 86:723; Saffitz JE. et al., 

1999. Cardiovasc Res. 42:309; Patel PM. et al, 2001. J Cardiovasc Electrophysiol 
12:570). 

15 Conduction Properties: The . gross structural morphology of the 

cardiomyocytic dssue within the embryoid bodies had a significant effect on 
conduction properties. Significantly slower conduction velocities were observed in 
embryoid bodies in which narrow strands of conducting tissue interconnected two or 
more contracting areas relative to embryoid bodies containing a single, relatively 

20 broad area of cardiomyocytic tissue. A similar structural pattern was also described m 
a murine embryonic stem cell model (Igelmund P. et al^ 1999. Pflugers Arch. 
437:669). Long-term electrophysiological recordings of the contracting embryoid 
bodies in that model demonstrated complex activity patterns due to intermittent blocks 
of action potential propagation in these narrow strands. Significantly, in the human 

25 model, these narrow bands, while significantly slowing conduction, did not cause 
similar conduction blocks. 

The conduction velocity values observed in die current study, even in the 
relatively broad areas (142 ± 9.5 cm/second), were lower then the values reported in 
neonatal rat and mouse monolayers, which avemged 20-50 cm/second (Thomas SP. et 

30 al, 2000. Circ Res. 87:467; Zhuang J. et al, 2000. Circ Res. 87:316). The slower 
conduction observed here mi^t have been the result of the relatively small cellular 
dimensions, the isotropic nature of the dssue, the heterogeneous distribution and lower 
density of the cells within the cellular network, and the lower gap junction size and 
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density. It is important t note, however, that the measured velocity represents the 
two dimensional projection of the velocity vector within the fliree dimensional 
embtyoid body. 

Although significant differences in the conduction properties were noted 
S between different embryoid bodies, most probably due to variability in the structural 
properties of the tissues^ the electrophysiological parameters measured within each 
embryoid body (pacemaker location and conduction velocity parameters) were 
reproducible during both short-term and long-term recordings. This is important since 
it allows assessing the effects of different pharmacological interventions as well as 
10 acute and long-term effects of remodeling processes using each embryoid body as its 
own control. 

Modeling of slew conduction: The effects of reduction in excitability, 
decrement in cell-to-cell coupling, and alterations in tissue architecture, three key 
ingredients in the development of slow conduction (Rohr S. et al^ 1999. Trends 

IS Cardiovasc Med. 9:173; Rohr S. et al, 1998, Circ Res. 83:781), an important factor 
associated with onset of cardiac arrhythmia were modeled using the method of the 
present invention. The results obtained were genetically consistent with the 
established role of these factors in the development of slow conduction. Analysis of 
the effects of decreased excitability on conduction using the £ist sodium channel 

20 blocker TTX and elevation of extracellular potassium concentration demonstrated that 
depressed excitability resulted in a significant reduction in conduction velocity. The 
ability of TTX to decrease conduction and the absence of a similar effect by 
application of a selective calcium blocker demonstrated the presence and important 
role of the fast sodium current in impulse conduction within the embryonic stem cell- 

25 derived cardiomyocytic tissue during normal conduction. Nevertheless, persistence of 
conduction following TTX application (known to cause aUnost complete block of 
sodium channel at this concentration) and also during the presence of very high 
extracellular potassium concentration indicated that conduction, although significant 
slowed, could presumably be maintained under such conditions mainly via calcium 

30 channels. Similar results were obtained in a rat monolayer model (Rohr S. et al»^ 
1998. Circ Res. 83:781). , 

Reduction of cell-to-cell coupling induced by 1-heptanol administration also 
resulted in signi&cani slowing of conduction, while higher' doses of this agent resulted 
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in conduction block. Significantly, the conduction velocity values obtained prior to 
the appearance of conduction block were not lower than those observed following 
reduction of excitability. This is different torn previous observations in the neonatal 
rat model (Rohr S. etal, 1998. Circ Res. 83:781), which showed a higher safety fkctor 
5 for the uncoupling agents. This difference might have resulted from the limitation of 
the uncoiq>l6r used here, l-heptanol, which may also affect several membrane currents. 
In addition to tiie above-mentioned mechanisms, it was also noted that alterations in 
tissue architecture also generated significant slowing of conduction. This was 
evidenced by the development of slow conduction in embryoid bodies containing 

10 narrow strands of conducting tissue^ most probably due to sink-source mismatches. A 
similar slowing of conduction was noted in embryoid bodies in which the presence of 
nonconducting tissue resulted in significant curving of the activation wavefront 

Condmion: These results therefore indicate that the present invention 
provides, for the first time, a means of generating an excitable human cardiac 

15 syncytium with synchronized action potential propagation. Such a syncytium can be 
used to investigate the structural and functional properties of cardiac tissue as well as 
to assess physiological and pathophysiological phenomena such as altered and slow 
conduction. The present invention furthermore provides, for the first time, a long-term 
human oardiomyocyte culture which can be used to study phenomena, such as cardiac 

20 electro-mechanical activity, on a long-term scale in cardiomyocytic tissue inMtro. As 
such, the present invention is unique and far siqperior to all prior art methods of 
generating human cardiac tissue inMtro suitable for treatment of cardiac diseases, 
testing the effect of compounds on cardiac cells and tissues, and for elucidation of 
cardiac tissue development and function. 

25 

EXAMPLES 

FACINQOFTHE VENTRICLE IN A COMPLETE HEART BLOCK MODEL 
USING CARDIOMYOCYTIC CELLS GENERATED BY CULTURED HUMAN 

EMBRYONIC STEM CELLS 
30 Adult heart tissue has very poor regenerative capacity and therefore any 

significant cell loss or dysfunction of such tissue is essentially irreversible. Many 
types of cardiac diseases, such as myocardial infarction, are associated with loss of 
cardiac tissue function, and may lead to the development of progressive heart failure. 
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Tissue loss or dysfUnction, occuniug at critical sites in the conduction system of the 
hearts may also lead to inefQcient rhythm initiation or impulse conduction. 
Consequentially, these processes may result in abnormally low heart rate 
(bradyarrhythmias) requiring the implantation of a permanent pacemaker. Cell 
S therapy has been suggested as a novel therapy for restoration of the myocardial 
electromechanical functions. However, this approach is hampered by the lack of a 
human source for cardiac tissue, and by Hie absence of evidence for functional 
integration between host and donor tissue. The present inventors have therefore 
demonstrated the feasibility of using human embryonic stem cells to generate human 
10 cardiac tissue capable of restoring impaired cardiac function in-^vivo^ as follows. 

Materials and Methods: 

Generation of human embryonic stem cellrderlved carMomyocytic cells and 
tissues: Performed as described above in Bscample 2 of the Examples section. 

MuiaOectrode amy (MEA) extraceOnliir dectrophy^logy nu^ping: 

1 5 Performed as described above m Exan^le 2 of the Examples section. 

Opttcal^mechanical detection: Mechanical contractions were detected via 
microscope (Axiovert 135, Zeiss, Oberkochen, Germany) using a photodiode 
(UVIOOBG, EG&G, Vaudreuil, Canada). A 100-Watt Phillips projection lamp was 
used as a light source. Scattered ligjbt fibom the cultures was magnified with a 40x 

20 objective (Zeiss 44086S). The emission field was limited to a contracting zone by 
placement of an adjustable rectangular diaphragm (Nikon Instruments Itic, Melville, 
New-York). The photodiode was positioned on top of a MicroflexPFX (Nikon), The 
ocular finder was used for framing and focusing the desired area of the specimen. 
Signals were filtered using a bidirectional Butterworth fourth order low-pass digital 

25 filter to obtain zero phase distortion with a cut-off frequency of 3 kHz. 

Generation of primary cardiomyocyte-human embryonic stem ceUrdert^ed 
cardiomyo<ytSc hybrid tissue in-yitro: Primary monolayer cultures of neonatal rat 
(Spmgue Dawley) ventricular myocytes were prepared as previously described (Fast 
VG. and Kleber AG*, 1993. Cure Res. 73:914), Briefly, following excision, the 

30 ventricles were minced and treated with RDB (IIBIl» Ness-Ziona, Israel). Dispersed 
cells were then cultured on gelatin coatecl (0. 1 %) microelectrode array plates or on 

<■ 

glass cover slips at a density of 1.S x 10^ cells/ml. Spontaneously contracting areas 
within human embryonic stem cell-derived embiyoid bodies were mechanically 
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dissected and grafted t the neoxmtal rat cultures once these displayed well 
synchronous activities (3*5 days postplating). 

Pacing studies in co-cultures were performed by electrically stimulating the 
human or rat tissues with one of the electrodes of the multielectrode array, 
5 Immunohistochemistty: Immunostaining of hunaan cells and gap junctions in 

rat-human co-cultures was perfoimed using anti hunoan HLA class I (Dako» 
Copenhagen, Denmark) and anti connexin-43 (0x43; Chemicon Int. Inc., Temecula, 
CA) as primaiy antibodies^ respectively, and FITC-conjugated anti rabbit IgG and Cy- 
3-conjugated anti mouse IgO (Chemicon) as secondary antibodies. Analysis was 

10 performed via confbcal microscopy (Nikon Eclipse E600, Nikon Europe BV, 
Badhoevedoip, The Netherlands) using a Bio-Rad Radiance 2000 scanning system 
(Bio-Rad Laboratories» Hercules» CA, USA). For identification of human cells in 
paraffin sections in transplantation studies (described hereinbelow), human embryoid 
bodies were labeled with the vital fluorescent lipophilic tracer CM-Dil (Molecular 

IS Probes^ Inc., Eugene, OR, USA) prior to grafting, and human cardiomyocytic cells 
were detected by primary anti cardiac troponin I (cTnl) and Cy-2 coiyugated anti 
mouse IgO antibody. 

Luc^er yeUow diye transfer: In order to detect the presence of gap junctions 
between primary ventricular caidiomyocytes and cultured hunoian embryonic stem cell^ 

20 derived cardiomyocytic cells, rat cells growing in monolayer were dyed with lucifer 
yellow GCN Biomedicals, CostapMesa, CA) prior to addition of human cells via 
scrape*-loading with a pulled glass-pipette following addition of lucifer yellow to a 
• concentration of 0.02S %. The hybrid cultures were examined via confocal 
microscopy 24 hours following addition of the cultured hmnan embryonic stem cell- 

25 derived cardiomyocytic cells. Lucifer yellow is a low-molecular weight dye that can 
pass through gap junctions. 

Transplantation of cultured human embryonic stem cell'4erived 
cardiomyo^ac cells into swine heart following a^ioventricular block: Seven 
domestic pigs (20-30 1^ were xised in these studies, one of which died immediately 

30 following the initial procedure. The experimental protocol was approved by ^e 
Animal Study Committee of the Tecbnion Faculty of Medicine. Anesfliesia was 
induced with ketambie (10 mg/(kg) and diazepam (1 mg/kg) intravenously and was 
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maintained following mtubation and mechanical ventilation with isofluorane 1 %. 
Vascular access was btained using cutdowu of the jugular veins and carotid arteries. 

A 7F locatable electrophysiological mapping catheter (Navistar, Boosense- 
Webster) was introduced under sterile conditions into the heart and was used to 
5 generate three dimensipnal electroanatomical maps of the heart using the Carto 
mapping technique. The catheter was then navigated to the His position (identified by 
the presence of clear His potential recording) and radiofiequency current was applied 
to generate complete atrioventricular block. A specially designed WI pacemaker 
(BLA, France) was then implanted subcutaneously and its electrode was positioned at 

10 the RV apex to allow ventricular pacing in cases of decrease of ventricular rate to less 
than SO beats/minute. 

The chest was titien opened under stedle conditions by left thoracotomy 
through the fourth intercostal spade, the pericardium was removed and cultured human 
embiyonic stem cell-derived cardiomyocytic cells (20-40 contracting embiyoid 

15 bodies, each embryoid body contains approximately 20,000 cells) or medium were 
iiyeoted into two different sites in the myocardium at the lateral and anterior walls 
respectively. A suture was used to mark the exact locations where it\jections were 
made. The human embryonic stem cell-derived tisst^ was labeled prior to 
transplantation with the vital fluorescent lipophilic tracer CM-Dil (Molecular Probes)^ 

20 according to the manufkcturer^s instruction, to allow identification of the cells during 
the pathological examination. 

Following the procedure, animals were treated with daily injections of 
cyclosporin A (15 mg/kg) and methylprednisolone (2 mg/kg) to prevent immune 
rejection, Body-surface ECO recordings were performed daily to characterize the rate 

25 and configuration of the escape rhythm. 

One to three weeks posttransplant the animals were re-anesihetizedt intubated 
and mechanically ventilated and detailed three dimensional electroanatomical maps of 
the (LV) were generated using the Carto three dimensional mapping technique. A 
catheter was navigated to the site of earliest activity identified on the map, and 

30 radiofi:equency ablation was perfbrmed at a nearby position to allow pathological 
correlation with the maps. 

Hematoxylin and eosm (H&E) staining was employed during pathological 
examination to visualize human cells engrafted within recipient cardiac tissue. 
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Es^eiimental Mesuts: 

Functional integration of cultured human embryonic stem cell^rived 

* 

cardiomyocytic cells with primary ventricular cardiomyocytes in-vitro: Activation 
maps of spontaneously contracting areas of cultured human embryonic stem cell- 
5 derived cardiomyocytic cells plated onto microelectrode array plates demonstrated the 
development of an excitable medium with a stable pacemaker. Figure ISa presents a 

* 

typical activation map, with the propagation wave proceeding from the lower left 
comer (earliest activation - red) to the top right comer O&test activation - blue), and 
with a total activation time of 13 milliseconds, The contraction of these embiyoid 

10 bodies displayed positive chronotropic responses in the presence of 10 |iM 
isoproterenol (Figure 15b). Such cells were used to generate spontaneously and 
synchronously contracting hybrid primary ventricular-human embryonic stem cell- 
derived cardiomyocyte cultures on microelectrode array plates (Figure 16a), 
Significantly, synchronous contraction within the hybrid cultures was detected 

IS microscopically as soon as 24 hours postgrafting. Clearly identiiied synchronous 
contraction was observed in all 22 hybrid cultures studied A typical microelectrode 
array activation map generated during spontaneous rhythmic contraction is shown in 
Figure ISb, Electrical activation initiated, in this case, within the rat tissue and then 
propagated to the rest of the hybrid culture, activating also the human tissue. 

20 Blectrograms recorded simultaneously fit>m the human and rat cardiomyocytic tissues 
(Figure 16c) demonstrated tight temporal coupling. This tight electrophysiological 
coupling was observed continuously for up to 21 days, the longest period studied. 
Long-term action-potential propagation between the two tissue types was also 
observed in pacing studies, in which either the rat (Figures 16d-e) or the human tissue 

25 (Figures 16f-g) was stimulated with an electrode. 

In order to assess the presence of electronaechanical coupling between the 
tissues, the contractions in the cultured human embryonic stem cell-derived 
cardiomyocytic cells, detected by a photodiode, were correlated with the electrical 
activity. As can be seen in Figure 16h die mechanical contractions detected in the 

30 human embryonic stem cell-derived cardiomyocytic cells were synchronous with the 
electrical activity in both the human and rat tissues. 

Pharmacological studies: The degree of electrical coupling between the two 
tissue types was also assessed during long term recordings and during adrenergic 
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stimulation and partial gap junction uncoupling. The cycle-lengths of the electrical 
activity in the ES cell-derived cardiomyocytes and in the rat tissue were measured and 
a histogram depicting the ratio between these two cycle-lengths during long-term 
recordings is shown in Figure 16i. The narrow peak at a ratio of 1 represents equal 
S cycle-lengths and demonstrates that electrical activity in the EB was time-locked to 
that of the rat tissue. Isoproterenol (10 fiM) caused a significant increase in the 
spontaneous beating rate (from a base line value of 1.6 ± 0.6 to 1.9 ± 0.8 Hz, p < 0.05) 
but electrical coupling between the two cell ^es was not hindered (Figure 16j). 
Similarly, mild gap jiuiction uncoupling using 1-Heptanol (0.5 mM) did not alter this 

10 tight coupling in die majority (5 of die 8) of tiie co'^cultures studied (Figure 161) while 
in 3 co-cultures occasional episodes of 2:1 conduction block were noted (Figure 16k). 

Abundant gap Junction formation between cultured human embryonic stem 
cell-derived cardiomyoeytic cells and primary ventricular cardiomyocytes: For 
electromechanical coupling to occur between primary cardiomyocytes and cultured 

IS human embryonic stem cell-derived cardiomyocytic cells^ gap junctions must develop 
at the interface between these tissues. In order to detect such gap junctions, hybrid 
tissues were analyzed via immunofluorescent confocal microscopy for the presence of 
connexin-43, the major gap junction protein. The human embryonic stem cell-derived 
tissue was identified by labeling the cells with anti human HLA class I antibody. The 

20 results demonstrate abundant expression of connexin-43 in the rat cardiomyocytes, in 
the cultured human embryonic stem cell-derived cardiomyocytic cells and at the 
junction between the two tissues (Figure 17a). 

The presence of functional gap junctions was also demonstrated by the ability 
of lucifisr yellow, which was scrape-loaded into the primary ventricular 

25 cardiomyocytes prior to grafting of human cellSi to pass between the two cell types 
(Figure 17b). 

In addition, using a confocal microscope and double-staining with anti-human 
mitochondrial antibodies (Figure 17c, red) and anti connexin-43 antibodies (Figure 
17d, green) the presence of conn6xin-43 was demonstrated at the interphase between 
30 the two tissue types (Figure 17e). 

Restoration of impaired cardiac function inmvivo following transplantation of 
cultured human embfyonic stem cdl-dertved cardiomyocytic ceUs: To demonstrate 
flmctional integration of cultured human embryonic stem cell-derived cardiomyocytic 
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cells in heart tissue inMvOi ft swine model of complete atrioventricular block was 
used. A typical ECG recording foUowing the creation of atrioventricular block is 
shown in Figure 18a demonstrating complete atrioventricular dissociation with a 
typical nodal escape rhythm. In the initial days following creation of the 

5 atrioventricular block the nodal escape rhythm was occasionally very slow. In these 
cases episodes of overriding ventricular pacing originating from the WI pacemaker 
occurred (Figure 18b). 

Following creation of atrioventricular block, spontaneously contracting human 
embryoid bodies were injected into the posterolateral LV wall using an epicardial 

to approach, and the location of the injection was marked with a suture. A control 
injection of medium in the anterior wall in each animal was also performed and its 

location was marked by a different suture* 

Several days following cell transplantationp episodes of a ventricular rhythm 
different from that of nodal or paced rhytibms were observed (Figure 1 8c). The 

15 morphology of the QRS of this new rhythm (negative axis in leads I, n, II) was 
completely different than that of nodal or paced rhythms, indicating its origin from a 
completely different focus. The average heart rate of this new rhythm was 68 ± 4 
beats/minute and was very similar to the swine^s escape nodal rhythm (65 ± 2 
beats/minute) e^^laining the competition between the two rhythms. Significantly, the 

20 new rhythm was sensitive to catecholamines with the heart rate increasmg to 105 ± 10 
beats/minute following administration of isoproterenol (20 |liM). 

In order to determine whether this new rhythm originates from the pacemaking 
action of the transplanted cells, the animals were subjected to an additional 
electrophysiological mapping procedure one to three weeks (average: 12 days) 

25 following human embryonic stem cell^derived cardiomyocyte transplantation. Figures 
19arb show ^ anteroposterior (AP) view of two maps obtained during the two 
different rhythms. In Figure I9a, note the presence of earliest activation (red area) 
along the superior septum representing the origin of the nodal rhythm as identified 
immediately following generation of the complete atrioventricular block. In Figures 

30 19c-d one can note that the earliest activation shifted from this area to the 
posterolateral wall during mapping of the new ventricular rhythm, two weeks 
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fbllowing cell traxisplantation. This shift of the earliest activatioxi site to the lateral 
wall can also be viewed cm the left lateral view (Figure 19d). 

In order to determine whe&er this new rhythm actually originated from the 
transplanted cells the catheter was navigated to the earliest activation site and a focal 
5 ablation was performed by applying radiofrequency energy at a site about 2 cm away 
firom the earliest activation point Figures 19e-f show the pathological correlation in 
the same animal. In Figure 19e, note that the distance between the ablation site 
(marked by the pink needle) and the injection site (blue suture) was 2,1 cm. This 
excellent spatial correlation was noted in all animals studied (n = 8) with the average 

10 distance between the sites of earliest activation and ablation in the maps (19 ± S mm) 
highly cortelating (t" » 0.93). with the average distance between the ablation and 
injection sites (20 ± 5 mm) in pathology, 

To veri^^ the reproducibility of the location of the source of the new ectopic 
activity^ the mapping procedure was repeated at two different days in some of the 

IS animals. As can be seen in Figures 19g-h, the maps, generated in the same animal, 
were highly reproducible with the earliest activation site located at the posterolateral 
region in both maps (arrows). An RF point ablation was created during each of these 
mapping procedures on opposite sides of the earliest site of activity. Note ui Figure 
19i the excellent correlation in pathology with the site of cell injection (marked by a 

20 blue suture) located exactly between the two ablation sites (marked by the green 
needles). 

After harvesting the hearts^ the presence of the grafted cells at the site of 

♦ 

earliest electrical activation was further validated. Histological sections derived from 
the area of the previous electrical activation demonstrated the presence of the 

25 transplanted cells within the host myocardium (Figure 20a). The transplanted cells, 
labeled before injection with the vital fluorescence tracer, CM-Dil, were further 
identified using fluorescent microscopy (Figure 20b). The human phenotype of the 
transplanted cells was verified using immunostaining with anti-human mitochondrial 
antibodies (Figure 20c). Finally, connexin-43 immunostaining confirmed the presence 

30 of gq> junctions between the transplanted and host cells (Figure 20d). In contrast to 
the above results, sections taken from distant myocardial areas £uled to detect any of 
the transplanted cells, 
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Omctofon; • These results demonstrate that the method of the present 
invention can be used to reproducibly derive cardiomyocytic cells from human 
embryonic stem cells having the capacity to form a cardiomyocytic syncytium 
displaying long term electromechanical activity, and that this tissue is able to form 

S highly functional eleotromfichanical connections with preexisting primary cardiac 
tissue whether in-yitro or ifu-yivo. QiticaUy, when grafted in-vivo into heart tissue in a 
complete heart block model, the cultured human embryonic stem ceU-^eiived 
cardiomyocytic cells of the present mvention created fhnctional connections and 
electrically activated the impaired host tissue. The method of the present invention is 

10 therefore unique and far superior to all prior art methods of providix\g embryonic stem 
cell derived human cardiac tissue suitable for transplantation and concomitant 
restitution of impaired cardiac fimction in-viyo. 

EXAMPLB4 

15 CARDIOMYOCYTIC CELLS QENERATBD BY CULTURING HUMAN 

EMBRYONIC STEM CELLS HAVE THE CAPACITY TO PROUFERATE 
The extremely low capacity of adult cardiomyocytes to proliferate has to date 
represented an obstacle to approaches attempting to utilize in^yitro culture adult 
cardiomyocytes to generate cells and tissues suitable for repairing cardiac tissue. 
20 Thus, methods of generating cardionQrocytic cells and tissues capable of significant 
proliferation would be of great biomedical benefit In order to f\Ufill this important 
need, the present inventors have uncovered that culturing of human embiyonic stem 
cells according to the method of the present invention can be used to generate 
cardiomyocytic cells and tissues capable of significant proliferation, as follows. 
25 Materials and Methods: 

Generation of human embiyonic stem cellrderived cardiomyocytic cells and 
tissues: Performed essentially .as described in Example 2, hereinabove. 

Celt cycle activity: Whole EBs were fixed in 4 % paraformaldehyde and 
blocked for 60 minutes with PBS containing 3 % normal goat serum. 
30 Inmiunohistochemistry was performed using mouse anti-cTnl antibody (Chemicon, 
International, Inc. Temecula, CA, USA) at a dilution of 1 :5,000 and rabbit polyclonal 
anti-human Ki-67 antibody (Santa Cruz, Biotechnology, Inc^ Santa Cruz, CA, USA) 
at a dilution of 1:100 overnight at 4 ^C. Preparations were then incubated with Cy-2 
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conjugated anti-rabbit IgG and Cy-3-conjupted anti-mouse IgO (both &om 
Cliemicon) at a dilution of 1:100 for 1 hour at room temperature. Cell nuclei were 
counterstained with the DNA dye To-ProO (Molecular Probes, Eugene, OR, USA). 
Confocal microscopy was performed using a Nikon Eclipse E600 microscope and Bio- 
S Rad Radiance 2000 scanning system (Bio-Rad, Laboratories, Hercules, CA, USA). 
The cardiomyocyte labeling index was. flien deteimined as the percentage of 
cardiomyocyte nuclei that were positively stained for Ki-67. 
Experimental Results: 

Cell cycle actiyify decreases during in-vitro cardiomyocyte development: The 

10 expression of Ki-67, a marker of cell cycle actiyity, was used to evaluate cycling cells 
during in-^vitro development of ES cell-derived cardiomyocytes. As is shown in 
Figures 2 lard, while a high percentage of Ki^67 positively stained nuclei are seen in 
early-stage cardiomyocytes (Figure 21a), almost no expression of Ki-67 is seen in late- 
stage cardiomyocytes (Figure 21c). 

IS Analysis of the labeling index in ES cells and ES cell-derived cardiomyocytes 

revealed that undifferentiated stem were actively synthesizing DNA (labeling index > 
60 %, Figure 22). A similar high-labeling index was also noted in early-stage 
cardiomyocytes with SS i: 23 % of the cells (Figure 22). The labeling mdex gradually 
declined in intermediate-stage (30 days poslplating) contracting EEs (10 ± 16 %) and 

20 was reduced to 2 % in late-stage BBs (40 days postplating, p < O.OS, Figure 22). 

Conclusion: Thus, the method of the present invention can be used to generate 
cultured human cardiomyocytic cells and tissues displaying significant capacity to 
prolifbrate for at least 30 days. The proliferative capacity of the cells and tissues of the 
present invention is unique relative to cells and tissues generated according to prior art 

25 methods, thus the cells and tissues of the present invention are optimal, for example, 
for therapeutic use in humans, notably for repair of cardiac tissue, for testing the 
effects of compounds on cardiac specific cell and tissue growtii in-vitro, and for 
studying aspects of cardiomyogenesis, such as cardiomyogenesis specific gene 
expression profiles. 

30 

It is appreciated that certain features of the invention, which are, for clarity, 
described in the context of separate embodiments, may also be provided in 
combination in a single embodiment. Conversely, various features of tbe invention, 
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which are, for brevity, described in the context f a single embodiment^ naay also be 
provided separately or in any suitable subcombination. 



Although the invention has been described in coi^unction with specific 
5 embodiments thereof^ it is evident that many alternatives, modifications and variations 
will be apparent to those skilled in the art. Accordingly^ it is intended to embrace all 
such alternatives, modifications and variations that fUl within the spirit and broad 
scope of the appended claims. All publications, patents, patent applications and 
sequences identified by then: accession numbers mentioned in this specification are 
10 herein incoiporated in their entirety by reference into the specification, to the same 
extent as if each individual publication, patent, patent application or sequence 
identified by their accession number was specifically and individually indicated to be 
incorporated herein by reference. In addition, citation or identification of any 
reference in this application shall not be construed as an admission that such refcarence 
IS is available as prior art to the present invention. 



